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ABSTRACT 
This spectroscoplC study of dlvalen~ cobalt describes the 
electronic structure of the ion ln crystal fields of cubic and 
tetragonal symmetry . 
An assignment of all the quaTtet and doublet absorptlon 
bands in the optical spectra of KCoF 3 and KMg(CO)F3 is made uSlng 
the four parameter weak cubic crystal field desc lptlon of the 
7 
energy levels of the d conflguration. Comparisons etween the 
pure and (magnetlcally ) dllute systems provlde a qualita~ive 
delineation of the effec 5 of exchange lnterac lons ln these 
materials. 
The weak field spln- orblt matrlces of ~he tetragonal 
. 7 . f 1 h potentlal for d 10ns enable unamblguous asslgnments 0 a 1 t e 
spin-allowed bands to be made for the exaCT 04h systems 
K
2
CoF
4
, Rb2Mg(Co )F4 and Rb2CoF4o The analysls relles on no 
assumptions regarding the slgns of Os and Ot but sh ws that Ot: 
is in these cases posltlve cOlrespondlng to a weaker crysTal 
field in the aXlal dlrec Cl0n al thotlgh the crystallographlc 
distortions are not known ° As requlred y ~he poin charge 
model, Os and Ot are found to have the s ame slgn ( Os / Ot - 10 
throughout). The magnlt:ude of the tetragonal fleld , as measured 
by Os and Ot , increases ln he rder K2CoF4 < R 2Mg (Co)F4 < 
The crystal systems CoC1 20 6H2 0 and CoC1 20 2H 20 present 
examples in which the chromophores tranS_[CoC1 2 04H20] and 
trans-[coCl40 2H 20] are pseudo_ l"etragonal and where the 
tetragonal components f the crystal field have opposite signso 
The absorption prope rties of the hexahydrate have etragonal 
(VB) 
symmetry and a complete assignment of the spin- allowed bands gives 
Dt a small, positive value , although Ds ~s la ge and negat~ve. 
As the f ormalism of the po~nl charge model cannot account for 
negative ratios Ds/Dt, ~ts appllcab~lity ~s limited. 
The symmetry of the crystal field in CoC12 .2H20 is shown 
not t o be tetragonal and only an approximate descriptlon of the 
absorption bands is possible ~n terms of the D4h model. Values 
assigned to Ds and Dt WhlCh account for mos of the important 
spectral features both have Opposlte slgns to those appropriate 
for CoCI 2 .2H20 (Ds/Dt - -2). 
All the systems studied are centrosymme r~c and show strongly 
polarised vibronic absorp ions. A qualita ~ve investigation of 
possible vibronic intenslty stealing mechanLsms reveals ser~ous 
inadequacies in the presently accep ed model and ~ndicates the 
need for further theoret"ical s'tudles. 
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CHAPTER 1 
INTRODUCT ION 
Crystal or ligand field theory seeks to describe the 
n. . 
energy levels of a d 10n ln a crystal or complex by 
representing the interactions between the paramagnetic ion and 
its surroundings with a spin- independent effective potential 
having the symmetry of the environment. The success of the 
theory derives essentially from its symmetry aspects (Bethe, 
1929) with the result that the effect of a crystal field of 
cubic symmetry, for instance, may be described in terms of a 
single parameter, usually labelled Dq. As a semi-empirical 
quantity to be determined from experiments, Dq is able to 
rationalise a considerable quantity of spectroscopic data for 
cubic systems, yet its calculation from first principles 
requires a sophisticated model of the bonding between the 
paramagnetic ion and its environment and has been satisfactorily 
achieved only for the simplest systems (Shulman and Sugano, 
1963). 
For a complex with symmetry lower than cubic, group theory 
describes the way in which the degenerate states split and it 
can determine the minimum number of crystal field parameters 
required to characterise the energy levels. In D4h symmetry, 
for instance, a T
19 
(Oh) state will be split i nto A2g and Eg' 
but the sense and magnitude of the splitting requires a model. 
In terms of tetragonal c ystal field theory, the problem may 
be re _expressed in terms of the three crystal field parameters 
requi red by symmetry (labelled Dq, Os and Dt) for which the 
2 
aim of a model is the formulation of a rationale for their 
signs and magnitudes. 
n A model for tetragonal d systems has evolved from the 
cubic case ln the manner described in Chapter 2. Of the three 
directions in which this development has proceeded, the molecular 
orbital model of McClure (1961) and Yamatera (1958), and the 
angular overlap model of Schaffer and Jorgensen (1965) and 
Schaffer (1966, 1967) are not pursued in this work. Much more 
emphasis has been placed on the extension of crystal field 
theory from cubic to tetragonal systems following the work of 
Moffitt and Ballhausen (1956), Yamatera (1958), Ballhausen 
(1962) and Wentworth and Piper (1965). 
Of particular relevance to the cobalt (II), d 7 system is 
the investigation of a series of tetragonal chromium (III), d3 
complexes in terms of crystal field theory by Perumareddi 
(1969). Although providing an excellent introduction to the 
problem, Perumareddi's work, like other reports of that period, 
was hampered by the lack of definitive data by which his model 
might be tested. The interpretation of the solution data 
then available was in most cases ambiguous (since, for instance, 
tetragonal splittings smaller than the observed bandwidths 
cannot be detected) and Perumareddi, although arbitrarily 
eliminating certain possibilities, was often able to quote 
alternative assignments. 
The need for polarised absorption studies on single 
crystals at low temperatures was fully recognised by all the 
authors mentioned, but of equal significance is the absence 
in the literature of studies on exact, as opposed to 
pseudo-tetragonal systems. Thus he adequacy of treating the 
se ies CrIll (en)2X2 (en = ethylenediamine, X = Cl, Br, H20, 
N03 , S03)' for which single crys tal spectra have been reported 
(Yamada, 1967), with a model applicable to D4h symmetry, has 
III 
not been ques ioned, even though the true Cr site 
symmetries are very low. 
A critical examination of the application of crystal 
field theory 0 systems with tetragonal symmetry is presented 
3 
in terms of a s~udy of the spectroscopic properties, principally 
the optical absorption, of a series of cobalt (II) compounds. 
Other than hose few studies reported for the specific cobalt 
(II) systems forming the subject matter of this thesis (and 
described in the appropriate chapters), op ical investigations 
of tetrag nal cobalt ( II) are virtually non _existent, emphasis 
having been placed on d n systems with (cubic) orbital singlet 
ground s a es, such as nickel (II), dB and chromium (III), d 3 • 
Kakazai and Melson 1970) reported the solution spectra of some 
te agonal cobalt II) chelates but did not attempt a crystal 
field analysis, whilst Pratt and Coelho (1959) observed band 
splittings in the spectrum of the tetragonal phase of CoO, 
but were unable to make definite assignments. 
With the theoretical basis for this work and the 
experimental techniques described in Chapters 2 and 3, 
respectively, the main body of the thesis begins in Chapter 4 
wi h the results of an investiga ion of an ideal cubic cobalt 
(II) crystal, KCoF3 • Here, a complete assignment of the 
spectrum of KCoF3 in terms of cubic crystal field theory 
p ovides the basis fo an ex ension to the closely related D4h 
discus s ed in Chapter 5. Two further crystal systems, 
a si~e of symmetry C2h ' provide examples for which the 
'effective V symmetry is regarded as D4h and which also formally 
represent two compounds in which the tetragonal field has 
4 
opposi te signs. The validity of these statements are investigated 
in Chapter 6. 
Chapter 7 deals with the second major aspect of this 
work, which is the study of the so-called vibronic intensity 
mechanism t h rough which forbidden d -d bands of centrosymmetric 
complexes 'steal ' intensity from some parity allowed transition 
with the agency of an odd parity vibration (Van Vleck, 1937). 
A quantitative study of the p r oblem was begun by Liehr and 
Ballhausen (1957) although their model has later been 
questioned and modif ied (Englman, 1960; Fenske, 1967). A 
serious omission in t his field, however, is that extension of 
the various intensity models to non-cubic systems has so far 
been very limited although this provides a non-trivial means 
of examining t he theories through experimentally observed 
polarisat i on behaviour of vibronic bands. Thus the construction 
of vibr onic selection rules using group theoretical arguments 
alone, has been found to be inadequate to explain the dichroism 
. f· f III (D· 1 196) In the spectra 0 certaln complexes 0 Co lng e, 7, 
Cull (Fe guson, 1961), crIll (Dingle, 1968) and NilI (Dingle 
and Palme ,1966). Although more recent work has attempted 
to go one step further and specifically identify the pertu r b ing 
vibration (s) and the nature of the parity allowed excited 
state (Belford and Carmichael, 1967; Dubicki and Day, 1971) 
the low symmetry of the systems discussed render the ge~eral 
applicability of their conclus ions open to question. The 
series of cobalt (II) systems s t udied he r e, for which th~re i s 
no doubt as to the Veffective V symmetries, provide examples 
for which strong dichroic behaviour of the vibronic bands 
occurs and which , for this reason , are eminently suited to 
such an investigation. 
The main conclusions of the thesis are summarised in 
Chapter 8 . 
5 
CHAPTER 2 
THEORY 
This chapter provides a theoretical foundation for 
discussion of the experimental results. Most will be of 
general applicability to all d n ions but there are some 
3 7 particular references to the d' system. 
Crystal or ligand field theory provides a model for the 
description of the energy levels of a transition metal ion in a 
crystal or complex. For non - cubic systems, empirical and 
semi _empirical molecular orbital methods have been applied 
with differing degrees of success. The mechanisms involved 
in electronic transitions between the crystal field split 
states give rise to the phenomena of polarisations and 
temperature dependences of bands, features by which the 
mechanisms may be understood. Some aspects of the theory as 
outlined here will be explored further at appropriate points 
later in this thesis. 
6 
7 
2.1 INTRODUCTION 
Bethels formulation (1929) of the splitting of the energy 
levels of a transition metal ion as a function of the symmetry 
of the surrounding ligands remains as a mathematically secure 
foundation to ligand field theory, independent of subsequent 
discussion of specific mechanisms. Development of a quantitative 
expression of the theory by Van Vleck and his colleagues (1932 , 
1935), Tanabe and Sugano (1954) and innumerable others, has led 
to a rapid growth of theoretical and experimental studies, much 
of which may noW be found summarised in several texts (Griffith , 
1961; Ballhausen, 1962; Figgis, 1966; Schlafer and Gliemann , 1969). 
2.1.1 Theory of the Free Ion 
The theory for an ion in a crystal field is necessarily 
founded on the theory for the same ion in the absence of the field . 
This is not a trivial problem for any ion with more than one 
electron and the most complete descriptions of the theoretical 
techniques involved in its solution have been given by Condon and 
Shortley (1953) and Slater (1960). 
The N electron Hamiltonian for a free ion with a nuclear 
charge Ze may be written 
2 2 
-11 ~ 'i/o 2 ~ 
Ze 1 ~ e ~ l;;.(r)t .• 5. + "2 + 1 -1-1 Ho = 2m 1 i r . i>j r .. i i 1 1J 
The first term describes the electronic kinetic energy, 
the second is the energy of the ith electron in the potential 
field of the nucleus, the third term involves the Coulomb 
repulsion between electrons i and j separated by r .. and the 1J 
(2.1) 
final term describes the coupling between the spin and orbital 
momenta of the electrons. The summation is to be carried 
out over the N electrons. 
The first two terms of (2.1) uniformly shift all levels 
of the degenerate d n configuration and the other, two electron 
interactions, partially or completely remove the degeneracy, 
giving sates classified by the angular momenta functions 
that is, eigenfunctions of the S, Land J angular 
- - -
momentum operators. Each state with a different S, L, J will, 
in general, have a different energy. The electron repulsions 
for a dn configuration may be expressed in terms of three 
radial integrals FO' F2 and F4 (Condon and Shortley, 1953) 
or A, Band C (Racah, 1942). These are simply related. 
A = FO 
B = F2 
(2.2) 
C = 35F4 
The Racah parameters simplify certain free ion formulae but 
have disadvantages that will become apparent. 
In considering relative term energies within a d
n 
configuration, the FO contribution disappears and all the 
term energies may be expressed as linear combinations of F2 
and F4 (Slater, 1960; Appendix 21). A theoretical evaluation 
of these quantities, however, depends critically on the form 
of the radial wavefunctions and although calculations have 
proved immensely useful in providing a physical interpretation 
of F2 and F
4
, their numerical values are usually determined 
by fitting to experimental data. 
8 
Trees (1951, 1952) applied an empirical correction of 
the form a L(L+l) to each term In his analysis of the free ion 
-1 With a va lue of a = 70 cm the mean 
square devia~ion between experimen~al and ~heore~ical term 
energies was considerably reduced . Racah (1952) provided a 
theoretical basis by showing tha~ this correction co ld arise 
from the sum of pairwise interactions of the form ~" . ~ ". 
_l -J 
3 7 For the d' configuration, the Trees correction removes the 
2 2 
theoretical degeneracy of the P and H states, as is observed. 
2 . 1.2 Free i on energies for Cobalt(II) 
When ~he cubic weak field spin-orbit ma~rices for d3 ,7 
(Ferguson, 1970b and section 2.3) are solved with the crysta 
field set ~o zero and with suitable values of ~he spin-orbi~ 
coupling constan~ and electron repulsion parameters, the free 
ion energies of CoIl may be reproduced (Moore, 1952) . The 
empirical ~erm energies required for the bes~ fi~ may be 
restated in terms of single values of F2 , F4 and a Trees 
correc~ion using the theoretical expressions of Slater (1960). 
The degree of success of this procedure may be judged from 
the comparisons in Table 2 . 1. 
2 . 2 LIGAND FIELD THEORY 
The free ion sta~es are modified in a complex by an 
additional potential term, V, due ~o ~he crystal field . 
(2 . 3) 
The spherical con~ribution from V merely shif~s all 
~he free ion levels by a constan~ amount, and is usually 
TABLE 2 . 1 
COMPARISON BETWEEN EMPIRICAL AND THEORETICAL TERM ENERGIES 
(cm- l ) FOR THE CoII FREE ION 
Theoretical Term .. + 
Term Energy 
Emplrlcal Calculated 
4p 15F2 -75F4 -1O()'. 14650 
14675 
2p 9F 2 +60F 4 -10()'. 19300 20180 
2F 24F2 - 15F4 
36500 36255 
2G 4F2 +85F4 +8()'. 16520 
16315 
2H 9F2 +60F4 +18()'. 22137 
22140 
.!.(20+20) 20F2 +75F4 -6()'. 39500 
39505 
213 
+ Reproduced from Ferguson, 1970b 
10 
t 
*Theoretical term energies with F2 = 1580, F4 = Ill, ()'. 
-1 
= 70 cm 
11 
neglected for a discussion of transitions within a d
n 
configuration . The non_spherical part of V partially removes 
the degeneracy of the ISL) or ISLJ) functions, replacing them 
with states characterised by the symmetry group of V. 
As the solutions of the free ion problem are spherically 
symmetric, it becomes convenient to express the crystal field 
in terms of spherical harmonics. 
V = L L L A~ ~ (8 ,</> ) ( 2.4 ) 
1 n m 
This summation is applicable to a potential of any 
Th . 1 f h· th b d symmetry. e potent1a or tel electron has een expresse 
m 
as a sum over an angular part y (8 '</» and generalised 
n 
coefficients Am, involving the normalised Fourier coefficients 
n 
and the 3d radial functions, R3d (r). 
00 n 
~ 
n V = L L 
n=O m= - n 
In terms of ym 
n 
(2.5) 
For zero order (free ion) wave functions I'¥ J' the perturbation 
problem requires a solution of the determinantal equation 
where E .. are the eigenvalues of H. The matrix elements 
11 
( 2.6) 
('¥ i l V I '¥j) may be computed by several methods including direct 
integration (the Condon-Shortley approach), the operator 
equivalent method (Stevens, 1952) and the use of Wigner's 
caefficients (1959). 
The number af nan _zero. terms in (2.5) is limited by the 
symmetry requirements af V, and allawed values af m and n far 
different symmetries may be found listed in Prather (1961). 
In additian, the angular farm af the 3d functians requires 
that n be even and less than 2 Q, (Q, = 2 far d electrans) far 
the quantities ( '¥ i l V I'¥j) to. be nan-zero. (Fick and Jaas, 1957). 
At this paint, twa appraaches may be made, depending an 
whether the I'¥i ) are expressed as linear cambinatians af free 
ion functians, ISMSLML) without spin-arbit caupling or ISLJM) 
with the inclusian af spin_arbit caupling, ar whether a new 
set of eigenfunctians are canstructed, satisfying the symmetry 
requirements af the graup of V. 
These two approaches are knawn as the weak field (ar 
free ian) and strang field representatians, respectively. 
The correspanding interactian matrices are cannected by a 
similarity t r ansfarmatian and are thus equivalent, giving the 
same energy levels far the same set of par ameters. 
In the strang field scheme, the matrix af V is diaganal 
with respect to. the free ian basis funct i ons but aff _diaganal 
2 
terms af L ~ appear. It has the canceptual advantage af 
r .. 1J 
being closely related to. the symmetry af V, and far this 
reason has been used most extensively in the literature. Its 
qualitative (symmetry) aspects remain saund and will be 
emplayed an numerous accasians. 
The weak field matrices are diaganal in the electran 
repulsion operatar but contain aff_diaganal elements af V. 
Since no. madel far the ligand field can be any mare 
12 
successful than the free ian descriptian fram which it derives , 
13 
there are considerable advantages In being able to take into 
account the inadequacies of the fr ee ion theory in a straight -
forward manner. The free ion energies appear as diagonal 
matrix elements and are thus readily accessible, allowing a 
Trees correction to be made or the theoretical free ion 
energies replaced by experimentally determined quantities. 
This approach was first used by Finkelstein and Van Vleck 
(III) (1940) for Cr in chrome alum. Quantitative sucCess with 
3 7 5 8 several d ' , d ,d systems (Ferguson, 1970b; Ferguson and 
Wood, 1970 ; Ferguson et al., 1969) has provided the 
encouragement for exclusive use of the weak field representation 
in this work. 
2.2.1 Spin-orbit coupling for d
n ions in crystal fields 
This arises from interactions between orbital and spin 
angular momenta of Lhe electrons and may be approximated as 
the sum E s. ~ .. .s .. The matrix elements of this operator 
. l _ l _ l 
l 
are diagonal with respect to J and independent of M = MS + ML o 
The diagonal elements may be expressed as A~ . ~ where A t s 
related to s . but, in principle, is different for each 
l 
multiplet (Blume and Watson, 1962, 1963; Misetich and Watson, 
1966) • In practice, a single averaged value appears adequate 
for the description of electronic spectra but may differ 
s omewhat from a value chosen to characterise, for instance, 
the ground state . 
In a complex, A is reduced from its free ion value in 
a way which is similar to the reduction of the repulsion 
integrals, a description which takes into account the ~pparent 
reduction of the orbital momentum operator required when 
using pure ionic wavefunctions to describe a partially 
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covalent complex (Owen and Thornley, 1966; Gerloch and 
Miller , 19(8). 
In general, the splittings of spin-orbit states in a 
transition metal complex are small -and often completely 
masked by vibronic band contours. Its importance arises from 
the effect of the spin-orbit operator in mixing states of 
different spin multiplicity. In the absence of spin-orbit 
coupling, transitions between states characterised by different 
spin quantum numbers are forbidden. Mixing the multiplicities 
allows for the possibility of transitions between the components 
of each state which have the same spin and the intensity of 
a spin-forbidden band may often be correlated with the degree 
of this mixing. 
2.3 THEORY FOR d3 , 7 IONS IN AN OCTAHEDRAL CRYSTAL FIELD 
For a crystal field of octahedral symmetry, the summation 
of (2.5) becomes 
A O[Y ° + (2-)i (4 -4)] = 4 4 14 Y4 + Y4 (2.7) 
° and thus a single parameter, A4 ' is required to describe the 
crystal field . The effect of v~ is to remove the degeneracy 
of the 3d electrons, separating by an energy 10 Dq those 
transforming as the & and T " representations, respectively, 
g 2g 
of the cubic group . The parameter Dq is related to A40 by a 
factor, 
A ° 4 
1 
= _3(70)2 .0q (2 . 8) 
and the symbolism has arisen from the so-called point charge 
model in which six equal point charges are arranged in a~ 
oc tahedral array at a distance x from t he central ion. Dq is 
35Ze 4 defined from 0 = and q = 2er /105 giving 
4x5 
4" 
Dq = 1 Ze2 r 6 ----s- (2.9) 
x 
where rn = < R3d (;::) \r n \ R3d(~» • 
Although the symbol Dq has been retained, its value is 
fixed from experiments and not the expression (2.9). 
For an octahedral crystal field, the free lon states 
4F and 4p of the d7 ion are split into four crystal field 
states, labelled in the left-hand half of Table 2.2 by the 
symmetry representations of the 0h point group to which they 
belong . This table gives, for convenience, the first order 
energies of t hese states as determined from the diagonal 
elements of the Tanabe-Sugano matrices. 
With s pin- orbit coupling included, the states of d3 ,7 
have half_integral J values and the matrix of H may be factored 
into two 9 x 9 and one 21 x 21 matrices, transforming as the 
r 6' r 7 and r 8 r epresentations of the octahedral double group 
II 0h'. The gr ound s ta te for Co has r6 symmetry. The c ompl ete 
matrices may be found in the literature (Ferguson , 1970b). 
2.3.1 Parameterisation in the Theory of Cubic Fields 
The preceding sections have given the way in which the 
energy levels of a 3dn ion in an octahedral crystal field may 
be described in terms of two electron repul s ion parameters 
with a Trees correction (F2 , F4 , a ), one crystal field 
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TABLE 2.2 
FIRST ORDER ENERGIES FOR QUARTET STATES OF THE 
d7 CONFIGURATION 
~h Symmet r y ~4h Symmetry 
4A b 
2 lODq+9B-6Ds+IODt 
lODq+9B 4T 1 
4Ec lODq+9B -3S / 4 Dt 
20Dq_3B 4A 4B 20Dq_3B_2Ds+1SDt 2 r l' 1 lODq 
lODq 4B lODq_3B_2Ds +1 SDt 
I 2 
lODq-3B 4T 2 
4Eb lODq- 3B-2Ds+2S/4Dt 
4Ea _3 Ds+ SDt 
0 4T 1 
4A a 0 2 
( i) The g s ubscrip ts for state designat i ons have been omitted . 
( ii) The energy of the lowes t state has been set to zero. If 4E
a 
is the ground state i n D4h , (3Ds-SDt) must be added to each 
energy. The s plittings , of course, a r e unchanged. 
parameter (Dq)9 and one spin-orbit coupling constant S. In a 
complex, F
2
, F4 and s are found to be reduced from their free 
ion values by amounts up to 20%. Reduction of the Racah 
parameters (2.2) has been widely discussed in terms of the 
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nephelauxetic effect (Jorgensen, 1962). Since F2 and F4 contain 
the radial functions describing the d electrons, rather than 
their linear combinations as B, it would appear to be more 
meaningful to examine variations of these quantities rather 
than Band C. 
In general, however, this four parameter description is 
an approximation to a complete MO theory, in which it may be 
shown by symmetry considerations alone (Liehr, 1963) that 
eight electron repulsion parameters and two spin-orbit coupling 
parameters are required in addition to Dq. Craig and 
Magnusson (1958) have shown theoretically that each free ion 
term could be expected to be reduced by different amounts . 
It thus becomes instructive to investigate through 
experimentation the extent to which the simplified four 
parameter theory is applicable. 
2.4 THEORY FOR d3 ,7 IONS IN A TETRAGONAL CRYSTAL FIELD 
On lowering the symmet ry of the crystal field from 0h to 
D
4h
, the orbitally degenerate cubic states are split in a 
manne r which may be readily deduced from group theory. 
The form of the tetragonal potential is 
= A 0y ° + A
4
0y
4
0 + A 4 (Y 4 + Y -4) 
2 2 4 4 4 
(2.10) 
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In t h is expression A ° is not equal to the A4 ° of (2.6) but 4 
the subscripts 
°4h and °h have been d ropped for clarity. 
The matrices for the tetragonal field were published 
by Perumareddi (1967) in the strong field representation, 
excluding spin-orbit coupling, but it remained for Jesson (1968) 
to make available the complete matrices in the weak field 
scheme b th "th d "h " b " I" t o Wl an Wlt out spln-or lt coup lng. 
Apart from Oq, two additional parameters are required to 
describe the Y20 and Y4 0 contributions to the tetragonal 
component of the field. Following their definition by Moffitt 
and Ballhausen (1956), the use of Os and Ot, respectively, has 
become established. 
They may be defined, as Oq, from a point charge model, 
Os 2 Ze 2 2 (2:.- 2:.-) = r 7 3 3 (2.11) 
x z 
Ot 2 Ze 2 4 (2:.- 2:.-) = r 21 5 5 (2.l2) 
x z 
but are normally treated as empirical parameters in the usual 
way. In (2.ll) and (2.12), x and z are the equatorial and 
axial metal ligand distances, respectively. They are related 
m to the A by three expressions 
n 
A ° 
1 
= (70} 2 Os 2 
A ° 
1 
= _3(70)2 (Oq + Ot) 4 
A 4 
= -15 Oq 4 
(2.l3) 
tWeak field spin-o bit matrices for t~e9tetragonal field have 
been publishZd 8by Liehr (1960) for d' and Fenske et ale (1962) for d ' • 
With the inclusion of spin - orbit coupling, the matrix 
of H factors into two 30 x 30 matrices, transforming as the 
r 6 and ~ representations of the D4h' double group. The firs 
order solutions of the strong field matrices are also given in 
Table 2.2. Notice that the splitting of the 4T (Oh) state 2g 
depends on Dt alone and that of 4T19 (Oh) almost entirely on 
Ds. 
In the limit of the point charge formalism, (2 . 12) and 
(2.9) may be combined to give the simple expression 
Dt (2.14 ) 
where Dq and Dq are the crystal field parameters for the 
xy z 
octahedral complexes MX6 and MZ 6 • The derivation of (2.14) 
implies that Dq ,Dq are made up of equal contributions from 
xy z 
the six ligands of MX6 and MZ 6 • One would therefore expect Dt 
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to have equal magnitudes but opposite signs in the two compounds 
MX4Z2 and MZ4X2 (both trans). For positive Dq, Dt is also 
positive when the axial field is less than the equatorial field . 
Z may be below X in the spectrochemical series for the compound 
MX4Z2 or there may be an axial elongation in MX 6 ' MZ 6 • This 
sign convention has been used by most authors and will be 
retained for this work. Perumareddi (1967) uses the opposite 
convention (Dt negative for axial elongation). 
The ratio of Ds to Dt is 
2" (~ ~) 3 3 
Ds / Dt 3_r_ 
x z (2.15 ) K = = (~ 1 -;r 
- -) 5 5 
x z 
Since the radial integrals are inherently positiv and tne 
numerator and denominator of the remaining term in ( 2 .15) 
change sign simultaneously when x = Z, K s hould remain positive . 
Values of 3 - 6 have been calculated for K (McClure , 1962; 
Weakliem , 1962; Piper and Carlin, 1960) but experimentallYl 
considerable variations from this value are found together 
with examples where K is negative. This problem has been 
recently discussed by Donini et ale (1971) and will be reviewed 
at a later point. 
2.4.1 Alternative Models for 3d ions in non-cubic fields 
In addition to the crystal field model described above, 
two molecular orbital approaches have been developed. Both 
have sought to avoid the use of chemically unreasonable values 
of the radial parameters, replacing these by molecular orbital 
parameters more directly related to changes in the bonding 
capabilities of the ligands. Each approach will be described 
briefly in the particular case of a tetragonal system, though 
neither method has been pursued in this work. The various 
parameters used in each model may be linearly related tp Dq, 
Ds, Dt. They may not be regarded as entirely equivalent, 
however, since constraints may be placed on one or other of 
these MO parameters which are not the same constraints 
imposed on Dq, Ds and Dt. 
2.4.1.1 The Empirical MO approach 
In this model developed by Yamatera (1958) and McClure 
(1961), each ligand is regarded as providing individual a 
and TI antibonding contributions to the metal d orbitals. 
Orbital splittings may be expressed in terms of empirical 
parameters defined thus, 
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ocr = cr - cr 
z x 
O'IT = 'IT _ 'IT 
Z x 
where cr ,cr and 'IT ,'IT are the antibonding contributions 
z x z x 
(2,16) 
from the ligands Z and X in the model complex MX4Z2 , The sign 
of ocr may then be related to the relative basicity of the 
ligands X and Z (for instance, Cl - is weaker base tnan NH3 a 
so ocr will be negative in M(NH3 )4C1 2), o 'IT is correlated with 
the number of lone pairs on the ligands and hence, in this 
example, will be positive. Such correlations, however, 
even with this simple picture, do not always correspond with 
one~ intuitive ideas. Several cases have been discu~sed by 
Lever (1968). 
The parameters ocr and O'IT correspond to Os and Ot. 
Os = ;~ (30'IT + 4 ocr) 
21 
8 
(2.17) 
Ot = 35 (O'IT - ocr ) 
2 .4.1. 2 The Angular Overlap Model 
An approximate LCAO MO approach has been devised by 
Jorgensen et al. (1963) and Sch~ffer and Jorgensen (1965). 
Comparisons with the crystal field and empirical MO models 
have been discussed by Lever (1968). In this Angular Overlap 
Model (AOM) , the antibonding contributi on t o the energy of a 
given orbital by a ligand is proporti onal to the square of 
its group overlap integral with the ligands. The energy 
terms are represented by e>..q where >.. =cr, 'IT,o for cr ,'IT or 0 
overlap, and q = x, y, z for the axis on which the ligand is 
placed. Energies of spectroscopic interest may be expressed 
in terms of the difference parameters e \q = e \q - eo q' giving 
the following relations with the crystal field parameters. 
Oq 1 (3e ' 4e l ) = 20 -Ox 1Tx 
Os 1 (e l e l e l e I ) (2.18) = + -7 Ox '1Tx Oz 1T z 
Ot 1 (3e l 4e ' 3e l + 4e l ) = - -35 Ox 1Tx OZ 1Tz 
Although there are now four AOM parameters in place of 
three crystal field parameters, it is often chemically 
reasonable to equate one of these to zero. 
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This model retains the conceptual advantages of the purel y 
empirical MO approach with the added advantage that the 
parameters of (2.18) may, 1n principle, be calculated using 
some suitable description of the complex. In practice , only 
the empirically determined AOM parameters correlate well with 
the chemical properties of the ligands. 
2.5 TRANSITION MECHANISMS 
2 .5.1 Magnetic and electric dipole mechanisms 
The effects of electromagnetic radiation on an atomic 
or molecular system may be treated by a semi - classical approach. 
The transition probability connecting the states I a) and Ib) 
is obtained by considering a time-dependent perturbation of 
the system by the radiation field, as described by the 
Hamiltonian 
HI = 
e 
mc 
A.p (2.19) 
where e and m are the electronic charge and mass, respectively, 
P is the electronic momentum and A the vector potential of the 
radiation field. The transition probability may be shown to be 
proportional to the square of a matrix element H which, for 
ab 
radiation wavelengths large with respect to molecular dimensions, 
may be expressed as a power series in the small quantity ~.E' 
where k is the propagation or wave vector for the radiation at 
the point r. The first two terms of Hab in their most 
recognizable form are 
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-c (2. 20 ) 
~ 
in which Ea and Eb are the eigenvalues of I a ) and I b) • 
<ble~ l a) is the electric dipole transition moment connecting 
the states la) and Ib). Group theoretical arguments show 
that this integral is non-zero only if the direct product of 
the representations of la) and Ib ) , fax f b , contains those 
of R. For a centrosymmetric complex, all the d n states have 
gerade character and since the electric vector transforms as 
an ungerade representati on , all elect1ic dipole transitions 
between d n states are forbidden. 
The second term of (2.20) is smaller than the first by 
a factor of the order k.r but becomes important when the first 
term is zero. (2- e ) M is the magnetic dipole operator and 
me -
therefore transitions dependent on this term are called 
magnetic dipole transitions. The pseudovector M transforms 
as a rotation so the transition moment <al~lb) will be zero 
unless fax fb contains the rotational representation. 
Each term of (2.20) contains the scalar product of a 
transition moment with a vector potential of the field, either 
~O' the electric vector or ~O' the magnetic vector. The 
magnitude of each term will thus vary with the cosine of 
the angle between the transition moment and the vector 
potential , being maximum when these are parallel and zero when 
orthogonal. If the x, y and z components of Hab are unequal , 
the absorption will be anisotropic and the band will be 
polarised. The selection rules and polarisations may be 
determined from the symmetry properties of the transition 
moment using standard group theoretical techniques. 
Further expansion of Hab involves higher multipole 
transitions but as they are not known to have been observed 
in the systems studied they will be neglected. 
2 .5.2 The vibronic mechanism 
Electric dipole transitions between states of dn 
configurat i ons are parity (Laporte) forbidden but an i mpl i ed 
restriction , however, is that the transition moment is 
independent of the nuclear coordinates. The effects of 
nuclear displacements on the electronic wave functions have 
been t r eated by Herzberg and Teller (1933) and more recen t ly 
by Alb r echt (1960) using first order perturbation theory. 
The perturbed wave functions may be expressed as 
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( 2.21) 
I \ th . f E 0 d where b(Q) ) is the b electron1c state 0 energy b an 
dependent on the nuclear coordinate Q. Zero superscripts 
denote vibrationless electronic wave functions and 
dH 
H'(Q) = (a5)Q=0 Q i s the vibrational perturbation 
Hamil~onian . Summation is carr ied cut over all the states 
i -I b. 
The eJ clric dipole transition moment conne~ting the 
ground state I a ) and the exci ted s~ate I b) becomes 
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(2.22) 
An equivalent expression may be derived for a vibrational 
pe r~urbation applied to the ground state I aD). All ~he cobal~ 
compounds s~udied in this work are cen~rosymmetric and hence 
~he first ~erm of (2 . 22) is zero . The symmetry requirements 
of ~he second ~erm enable considerable discussion of the 
nature of H f (Q) and I i 0) to be made. Since the electr ic 
f d o Ilo O ) vector ~rans arms as an ungera e representatl n, so must 
and therefore so too must H'(Q) (which transforms as a 
vibra t ion) • n - l Both 3d 4p configurations and charge transfer 
sta~es have been considered to represent the states I iO) . 
The former explanation has been favoured by Liehr and 
Ballhausen (1957, 1958), Koi de (1959) and Koide and Pryce 
(1958). More recently, however, Englman (1960) and Fenske 
(1967) have renewed interest in the role of charge transfer 
sta~es . These statements will be pursued in some detail at 
various points throughout this thesis . 
2.5 . 3 Temperature dependence of vibronic transitions 
The intensities of allowed electronic transitions 
should be independent of temperature but vibronically 
assis~ed transitions mus~ show a temperature dependence, a 
.. 
discriminating feature which can provide an experimental tes t 
for the operation of such a mechanism. Qualitatively, as t he 
temperature is raised, the population of higher vibrational 
levels will rise, some of which will be effective perturbers , 
thus increasing the overall intensity. Quantitatively, 
however, observed temperature dependences are not fully 
understood. 
According to Liehr and Ballhausen (1957, 1958) the 
temperature dependence of the band oscillator strength has th e 
following form 
hv 
= fa coth /2kT (2 . 2 3) 
where fT and fa are the oscillator strengths at T K and a K 
respectively and V is the frequency of the (odd) perturbing 
vibration. However, numerous assumptions are involved in t he 
derivation of this equation . The mechanical properties of t he 
complex ion are treated as if they were not coupled to those 
of other molecules in the crystal, which is a reasonable 
approximation for crystals containing discrete molecular 
units but quite unrealistic for ionic compounds such as the 
perovskite fluorides KMF3 , which do not contain isolated MF6 
units. The ground state, but not necessarily the excited 
state (Lohr, 1969), must be a harmonic oscillator and it is 
assumed that the vibrational frequency is independent of the 
electronic state . A Boltzmann distribution over the ground 
state vibrational levels is assumed and that each quantum 
state of the perturbing mode (the only vibrational mode 
present) i s equally effective. 
2 6 
The coth rule is independent of the degeneracy of the 
normal modes (Satten and Wong, 1965) and if more than one 
normal mode is active, the oscillator strength will be a 
sum over the effective modes (Brynestad et al., 1966) with 
one mode possibly dominating. 
Experimental testing of (2.23) has met with mixed 
success. Over a limited temperature range, typically 
80-300 K, relatively good agreement is obtained (Pratt and 
Coelho, 1959; Dubicki and Day, 1971) but disagreement 
becomes severe as this range is extended (Brynestad et al. , 
1966). In general, the qualitative features remain as those 
of greatest utility. 
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CHAPTER 3 
EXPERIMENTAL 
This chapter describes the methods used 
in the preparation and alignment of crystal 
samples and the various spectroscopic techniques 
employed in their study. 
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3.1 CRYSTAL GROWTH AND SAMPLE PREPARATION 
3.1.1 ~3 and KMg(Co)F3 
Both materials were grown by H.J. Guggenheim of the Bell 
Telephone Laboratories , U.S.A. , using a modif ied Stockbarger 
method developed by him (Guggenheim, 1960). The crystals 
have cubic perovskite structures (Knox, 1961; Okazaki and 
Suemune, 1961; Appendix Al.l) and therefore the absorption 
29 
is isotropic and the crystals require no orientation. Parallel 
faced sections of sui table thicknesses were cut from the given 
samples with a diamond saw and polished by hand with a paste 
of fine quality Linde A aluminium oxide powder and water. 
The thicknesses of these and other samples used in this 
work were measured to + 0.001 cm with a micrometer screw 
gauge. For absorption measurements, crystals were mounted 
above a slot cut in an aluminium strip. 
3.1.2 
These samples were also kindly supplied by H.J. 
Guggenheim. The crystal structures are tetragonal 
(Rudorff et al. , 1963; Appendix Al.2) and the materials 
read ily cleave in planes perpendicular to the crystallographic 
c axis (the optic axis). 
In centrosymmetric crystals, ' the intensities of 
magnetic dipole and vibronically assisted electric dipole 
transitions may be comparable. The mechanisms may be 
distinguished experimentally, however, through careful 
consideration of equation (2.20). For uniaxial crystals, 
which includes K2CoF4 and Rb2CoF4 , three spec~~a are 
required to completely characterise the absorption (Sayre 
et ale, 1955). If the electric and magnetic dipole 
• 
contributions to the absorption in the direction i are 
denoted by e i and mi , there follows 
kllc, ~ ..L C, B ..Lc a = e + m a a 
~~c, { Ell C, B ..L c 'IT = e + m (3.1) c a 
~...L C, B II c a = e + m a c 
where the directions of the propagation vector k and the 
electric and magnetic vectors E and B with respect to c 
distinguish the three absorptions a,'IT and 0. As illustrations 
of special cases, when the electric dipole contributions are 
zero, then a = 'IT i a and when the magnetic dipole terms 
are zero, a = a i 'IT • 
Parallel secti ons (~ II c) were obtained by cleavage 
and used without further polishing after their orientation 
had been checked conoscopically. Perpendicular sections 
~ ..L c) were g ound from larger crystals afte r location of 
the cleavage plane. Some mechanical resistance to further 
cleavage during grinding was achieved by embedding the 
sample in glycol phthalate, a glassy material which softens 
a ound 100 C, on a polishing tool. The phthalate was 
ultlmately emoved with acetone and the crystal polished wi h 
Linde A and water . 
3.1 . 3 
At a late stage in the development of this work it was 
realised that the available crystal structure data for 
Rb
2
COF
4 
and K
2
CoF
4 
fail to distinguish between a tetragonal 
4-
compression or elongation of the CoF6 chromophore. The 
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details of this problem are discussed at some length in 
section 5 . 3 . In para llel with efforts to resolve the crystal 
structu e p r oblem itself, attempts were made to obta i n 
samples of crystals with cobalt dissolved in the appropri ate 
magnesium isomorphs , both to eliminate confusion in the 
spectral analysis due to the effects of exchange interactions 
in the pu e materials and in particular to obtain spectra 
of cobalt in K2MgF4 , a host whose crystal structure is known 
completely (Appendix Al.2). 
At sho t notice , H.J. Guggenheim was able to p r ovide a 
few large single crystals of Rb2MgF4 containing about 1% 
cobalt and s amples for absorption measurements were prepared 
as described above. Crystals of K2Mg(Co)F4 were grown i n 
this laboratory by the straightforward method of cooling 
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from t he melt. Powdered KF and MgF2 were ground together 
with 2-4% powde r ed K2CoF4 and placed in a platinum crucible 
(50 or 100 ml). The batch was dried in the furnace at 300 C 
f o r a couple of hours and flushed with dry nitrogen before 
sealing wi h a platinum crucible lid. The f u rnace temperature 
was r a ised to 1000 C, held at this temperature for on e day 
o dissolve the MgF2 and then allowed to cool to 550 C at 
2-3 C/hour . Crystals of the desired product were identified 
in the result i ng ing ot by their colour (pale pink) , cleavage 
and optlcal properties . 
With a mixture of KF and MgF2 in the required 
st oich i ome ric ratio ( 2 :1 molar), only small crystals of 
unambiguous identity were obtained (1 x 0 . 2 x 0.2 mm) whilst 
an attempt to dissolve K2CoF4 in K2MgF4 (prepared by a 
p revious r un) proved unsuccessful . 
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La ge , single crystals of the purple hexahydrate were 
grown by re-crystallisation of AnalaR CoC1 2 . 6H20 from aqueous 
solut10n at room temperature. Crystals of the hexadeuterate 
were obta1ned similarly from a solution prepared from 
anhydr ous cobalt chloride (obtained by thermal dehydration 
of the hexahydrate) dissolved in 020 (99.75%) . To prevent 
exchange with atmospheric water, crystallisation was carried 
out inside a glove bag, periodically flushed with dry nitrogen. 
Both compounds may be hygroscopic or efflorescent 
dependi ng on local humidity conditions , but are sufficiently 
stable when stored in closed containers . 
As the hexahydrate (and dihydrate) are biaxial 
crystals, two polarised spectra are needed for light incident 
on eac h of three orthogonal faces, giving a total of six 
spectra (Ferguson et al . , 1970b) . If x, y, z denotes an 
orthogonal ax1S system, the six spectra are 
x{; II y , B II z A ( I) = e + m y z k II II z, B II y A ( II) = e + m z y 
J: II z , B II x A (III) = e + m II z x (3 . 2) k Y'l ~ II x, B II z A ( IV) = e + m x z 
z{! II y, B II x A (V) = e + m y x k II II x , B II y A (VI) = e + m x y 
In principle, if all the e., m. have significant 1 J.. 
magnitudes, ea h of the absorptions A ( I) _ A (VI) will be 
different. Usually, unless one or more of the e . , m. are J.. J.. 
zero, (3 . 2 ) will not provide a unique set of solutions . 
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Cobalt chloride hexahydrate crystals are monoclinic 
(Mizuno et al., 1959; Mizuno, 1960; Appendix Al.3) and thus 
any face containing the twofold (b) axi s has one extinction 
direction along that axis. The two faces perpendicular to 
b, containing a and c', were chosen to define a set of 
orthogonal axes for absorption measurements. 
The crystals cleave perfectly in the ab plane so act 
and bc' orientations were obtained by sectioning perpendicular 
to the plane along a and b. Extinction directions in the acT 
plane are not fixed crystallographically but were found, in 
visible light , to lie along a and ct. These directions were 
used for polarised absorption measurements with no regard 
for the magnitude of dispersion with wavelength. 
When attempting to cut perpendicular to ab, the easy 
cleavage becomes a hazard. Mechanical protection was 
achieved by embedding the crystal ln a commercial polyester 
resin , which could be polymerised at room temperature to a 
rigid plastic and cut away when desired. Crystals were 
polished by hand to a suitable thickness with a dilute paste 
of alumina in ethanol. 
3.1.5 
Single crystals of cobalt chloride dihydrate were 
grown by slow evaporation of a saturated aqueous solution of 
AnalaR CoC1
2 0
6H
2
0 at 70 C. At this temperature, evaporation 
rates are h igh and stable conditions for crystal growth were 
attained by immersi on of the almost sealed evaporation 
vessels in an oil filled Colora constant temperature bath, 
nominally steady to 0.01 C. 
The deep blue crystals grow as needles extended along 
the [OOlJ axis, usually exhibiting well developed (110) faces. 
Growing periods from one to four months gave needles up to 
5 x 5 x 30 mm. Although conversion to the tetrahydrate and 
hexahydrate probably accounts for their dull faces, they are 
quite stable stored in sealed containers at room temperature. 
Crystals of the corresponding deutero salt, CoC12 .2D20, 
were prepared similarly from a solution obtained by dissolving 
zone-refined CoC12 in D20. No attempt was made to prevent 
exchange with atmospheric water during evaporation. 
J4 
Intensities of H20 vibrational overtones in the low temperature 
spectrum of CoC12 . 2D20 indicated contamination by CoC120 2H20 
to be less than 1%. 
The dihydrate crystals are also monoclinic (Morosin 
and Graeber, 1963; Morosin, 1966; Appendix Al.4) and cleave 
readlly in all directions parallel to [OO~ . Normal attempt~ 
to cut perpendicular to this axis reduce the crystal to a 
bundle of fibres. 
An orthogonal a lbc axis system was chosen for the 
spectroscopic studies. a l b faced samples were obtained by 
carefully sec ioning a large crystal, embedded in polyester, 
along a dire tion perpendicular to the needle (c) axis , and 
hand polishlng to the desired thickness. Samples prepar ed 
in this way were invariably cracked in many directions 
perpendi ular to the face but with careful treatment it was 
posslble to p event complete fracture . The extinction 
dlrection s in this face define the axes band a l • 
Wi h a V and b located, other crystals were sectioned 
along thes di ections, pa allel to c Extinction directions 
In 1he a~c plane were found to lie a approximately 300 and 
1200 0 c and will be labelled c* and a* respectively. 
The hLnnest samples used (0.01 cm) were obtained by 
cemen' ng he crystal 0 a 2 mm thick glass block wi h epoxy 
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e in IShell epikote 828 resin with an equal volume of General 
MIlls Versamid 125 har dener) and hand pol ish i ng , then cementIng 
on a glas~ covers l i p . As the resin absorbs light beyond 
350 nm , investlga ti ons in this region were ach i eved Wl h wo 
hicker (- 0.08 cm) samples mounted in silica cells, as 
descrLbed in section 3.2.1. 
3 . 2 ELECTRONIC ABSORPTION SPECTROSCOPY 
All a so p 1 0n measur ements were r ecor ded with a Cary 
17 ~pec1,r opno ometer and polarised spectra obtained using 
rna c hed lan~Taylor p risms in the sample and reference 
c mpar men 's. Cooling of samples were achieved by thermal 
exchange with 'he boil-off from a liquid hel ium dewar 
placed elow he sample compar men , pass i ng over t he crys al 
m un1ed Ln a SIlIca flow tube. Con rol of he gas flow ra e 
enabled ~ eady temper a u r es from 6 -300 Kobe ob a lned. 
Temperatures from 6 - 80 K wer e measured with a calibrated 
carbo n ceS1S or and higher emperatur es with a copper-
conSlan an thermocouple . 
Low cells 
The hydrates studied in this wo k i mmediately dehydrate 
1n the S "ream of cold helium gas and vari ous means we e 
5 ughT TO pro ect them. None of the many materials tried 
c m lned ~ultable op ical transmission p roperties , resis ance 
10 lh rmal ycling and ch mical i nertness . For infrared and 
VLSlble absoLp Lon s~udies, many hexahyd ate samples were 
C oa ed Wl. h r u be cemen 0 Most of "the dJ.hyd,at.e samples were 
enc apsulated In an epo y resin (sec Lon 3 01 05)0 
T ex end investlga 'Ions in 0 the ultravlole~ r egIon of 
he spec r um a sIlica absorption cell was designed which me 
all r equlremen s ( Figure 3 01)0 The tube IS filled wIth dry 
helium gas f thermal exchange a low tempe a U e , plus the 
cot r ec wa~e yap u r p essure supplied by loose crystals a 
he o ' tom of the tube o The whole cell is sufficiently narrow 
to be moun ed in the usual way in the helIum flow tubes o 
03 FLUORESCENCE SPECTROSCOPY 
Fluo escence spectra at low t emperatures we e obtained 
f T m KMg Co F3 , K2CoF4 and Rb2CoF4 and the results are 
de cribed In la e r sections o No de ec able emission was 
o talned from el ~her CoC1206D20 0 CoC1202H200 
Emissl n was excited with 488 00 nm r adIatIon from a 
Car on Ins ·Lumen s a gon laser (800 mW) , and focussed on ' 0 
the ent. r ance sl1. of a Beckman DU spec romet:er f/8)o The 
emISSIon . WhIch occurs In the region 10S-211 t!l , was chopped a 
800 cps bef re fallIng on a selected Kodak N~2 lead sulphide 
detectoL o The senso output was analysed wi~h a PAR phase 
senSl ,ive de tec 0 and displayed on a pen-recorde 0 
Calib ation of he spect ometer drive was carrIed out in 
a separ a e experiment wi h a me cury lamp source , using the 
tables of Zwe dling and The iault (1961)0 
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Figure 3 . 1 The quartz absorption cell. 
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As ln he case of absorption studies , meanIngful 
polarlzed Raman measurements on single crystals may be made only 
lf he dIrecti onal sca tering parameters coincide with the axes 
of 1he lndlcarix. Since one ex inction di ect10n of a 
monoclInic cxysTal always lies along the unique (b) aX1s, the 
dl ' ectlons peI.pendicular 0 the ab and bc' faces were used for 
11gh propagation (Gilson and Hendra, 1970). 
Samples were prepared from large polished bc ' plates, 
_0.1 cm hlCk , cleaved along the b di ectlon ln 0 needles 
approXlma ely 1 x 1 x 5 mm and then sealed 1n 0 glass 
capillaries. 
The scattering experiments were performed with 647.1 nm 
radla1.1on '300 mW) from a Carson instruments kryp on laser and 
analys~d WI 'h a Spex 1401 double monoch omator using pho on 
coun~lng ,echn1ques. Absorption by the sample at 647.1 nm 
was reduced by coo11ng 0 30-40 K in a sillca flow tube. 
CHAPTER 4 
DIVALENT COBALT IN CUBIC CRYSTAL FIELDS 
From both a theoretical and experimental point of view 
the pe rovski e fluorides make highly attractive systems fo 
the udy of transition metal ions in crystals o Their 
advantages ~nclude structural simplicity (exact octahedral 
coordina ion) and he availability of the diamagnetic hosts 
KMgF3 and KZnF3 into which varying concen rations of 
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pa r amagne ic i ons may be dissolved and from which the prope ies 
of single and exchange coupled pairs of ions may be distingu~shed. 
Ea lier absorption measurements on KCoF3 and KMg(Co)F3 
have been extended and provide both a stringent test of he 
weak fleld representation of the crystal field theory and a 
founda.ion fo the understanding of the te ragonal cobalt 
analogues 0 A qualitative delineation of the effects of 
exchange ~nteractions in pure KCoF3 has been described and 
a xepor is appended to this thesis (Ferguson, Wood and 
Guggenhe~m , 1972)0 
4 . 1 INIRODUCTION AND PREVIOUS WORK 
Numerous optical studies of divalent cobalt in CUblC and 
nea' CUblC si es in crystals have been reported i n recen years 
and hav been summarised in several review articles ( CarlJ.n , 
1965 ; Hush and Hobbs , 1968; Ferguson , 1970a). 
The speciflc systems KCoF3 and KMg(Co )F3 have been 
sT.udJ.ed 
A hr. ad 
y Nes e ova et ale (1967) in the region 600-2000 cm-1 
-1 
and a r und 1200 cm was assigned to the magnetJ.c 
d l p 01e 1; ansl tlon between the f 6 and f7 spin or bJ. t componen s 
of .. he 4T g r und state although this is s ric ly forbldden Ig 
i n cubJ.c s ymme y. 
Fe guson et al . (1963) have investigated the ligand 
-1 field T ansi ions (5-25,000 cm ) in the absorption spec r um 
of KCoF 3 a emperatu es down to about 150 K and were able 0 
make a satisfactory assignment of the bands using the four 
. 3,7. dId b pa ame t e r sTrong fleld theory for d 10ns eve ope y 
Llehr ~ 196 3) . Three sharp lines appear in the low temperatu e 
s pec '1 m on he low ene gy side of the first spin allowed 
band ( 41 2 9 which were assigned to three allowed magnetic 
dlpole n o-phonon transitions between the ground sta e of 
CoIL , 4T 'r6 ), and spin-orbit component s of the fi st Ig 
4 a b 
excited state , T2g (f6 ,f8 ' r 8)' Neither for KCoF3 no 
KMg(C o) F3 do The energy separati ons between these l i nes 
c01xespond to those calculated with the crystal field model 
but , for the latter material, stress and Zeeman experiments 
perf ormed by Surge (1971) have enabled a quantitative 
descriptl0n to be made in terms of a superlmposed dynamic 
Jahn - Te11e effect. 
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• 
Details of the bonding of CoIl in KMgF3 , with particular 
regard to those deviations from ionic models ascribed to 
covalency effects, have been explored experimentally using 
spin resonance techniques (Windsor et al., 1962; Hall et al. , 
1963; Thornley et al., 1965). A value for the spin-orbit 
- 1 
coupling constant (-480 ± 30 cm ) was obtained by analysis 
of the high temperature susceptibility measurements of 
Hirakawa et ale (1960) on the pure salt KCoF3 • This value 
accords well with the coupling constant used in the analysis 
of the crystal field spectrum of KCoF3 • 
The optical studies of Ferguson et al. (1963) have been 
extended for several reasons. The weak field spin-orbit 
matrices for cubic d3 ,7 were used to investigate whether an 
assignment of all the doublet states c0Uld be made and to 
provide a quantitative basis for an understanding of the 
non-cubic fluorides K2CoF4 , Rb 2CoF4 , K2Mg(Co)F4 and 
Rb2Mg(Co)F4 • A qualitative description of the effects of 
exchange interactions on the spectrum of pure KCoF3 has also 
been made. The relevant crystal structure data for KCoF3 and 
KMgF3 have been listed in Appendix Al.l. 
4.2 THE FLUORESCENCE SPECTRUM OF KMg(Co)F3 
Measurement of the laser excited emission from a cooled 
crystal of KMgF3 containing about one per cent cobalt gave 
the spectrum shown i n Figure 4.1. Of the three sharp lines 
on the high energy side of this broad emission band, the one 
4 
at highest energy is known to coincide with the T1g( f6 ) ~ 
4 T2g (f 6) no phonon line in absorpti on (R.E. Dietz, 1969; 
personal communication to J. Ferguson) and was used as a 
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. ( -1) fixed pOlnt 6912 cm to calibrate the spectrum. 
The energy differences between the spin-orbit levels of 
the ground state may be calculated with the weak field 
matrices and the variation with the value of the spin- orbit 
coupling constant is plotted in Figure 4.2. Small changes 
«10%) in Dq or the electron repulsions have only minor 
effects and may be neglected. 
By analogy with the absorption ,spectrum, the three 
observed emission ~ines are assigned to magnetic dipole no 
phonon transitions. The separations from the origin line , 
_1 - 1 213 + 10 cm and 964 + 15 cm ,appear not to correspond 
to any value of s ln Figure 4.2. However , the transition 
appear i ng at 6699 + 5 cm- l coincides with the 3A29 ( f5 ) ---~ 
3T29 (f 3 ) absorption of Ni
II in KMgF3 (Ferguson et al., 1964) 
and is therefore assigned to this transition in emission. 
The crystal u sed is known to contain nickel as an impurity 
and this is able to absor b the excitation wavelength in its 
IT regi on. Minor concentrations of Ni (0.02%) have been 2g 
obser ved to give relatively intense emi ssion fr om crystals of 
Mg(CO)F2 (Johnson et al., 1964). 
The 5938 cm- l line is consistent with the 4T29 ( f6) ---> 
4Tl (f ) energy separation but this transition is strictly 
g 7 
forbidden in cubic symmetry for magnet ic dipole r adiati on. 
However , at 11 K, the temperature of the experiment, the 
4T29 (f 8 ) level is reasonably populated (the f 8-f 7 separation 
is 10 cm- l in absorption) and therefore this emission, which 
s hould s how a strong temperature dependence, is assigned to 
4 4 the allowed T
2g
(f
8
) ---~ T
19 ( f 7 ). Their e nergy separation 
(974 + 15 cm- l ) fixes the spin-orbit coupling constant at 
4 3 
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91-94% of its free ion value. 
The remaining structure of Figure 4.1 is presumed to 
arise from crystal phonon modes but a detailed analysis has 
not been pursued. 
4.3 THE ABSORPTION SPECTRUM OF KCOF3 : ASSIGNMENT AND 
WEAK FIELD PARAMETERS 
The value of Dq was obtained from the low temperature 
spectrum and the spin-orbit coupling constant from the 
fluorescence spectrum as described above. The eight electron 
repulsion parameters used in the weak field formalism were 
varied independently from about 90% of their free i on val~es 
until an optimum fit to the spectrum was obtained. This is 
a relatively efficient procedure since most energy levels 
depend to a large extent on only one or two par ameters . In a 
subsequent calculation, each electron repulsion parameter was 
independently varied by + 1%. 2 2 Apart from the F and D 
repulsions, the fit was significantly poorer in every case and 
it is concluded that these quantities are quite precisely 
defined . The observed and calculated levels are listed in 
Table 4.1 and the parameters in Table 4 . 3. 
4.4 EXCHANGE EFFECTS 
The exchange interactions in pure KCoF3 manifest 
themselves in the doublet region of the spectrum, which is 
shown in Figure 4 . 3 . The vertical arrows indicate the 
positions of thirteen absorptions assigned to double 
excitations. These were identified both from their temperature 
dependence (Ferguson, 1968) in which an enhancement on cooling 
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is evident, 1n contrast to the usual vibronic mechanism, and 
their deviation from the calculated single i on energy levels. 
The energy levels of these double excitati ons may in many 
cases be understood in terms of the sums of single ion 
transitions (Table 4.2). Thus the description in terms of this 
simple model appears to be adequate and with the theoretical 
complexity inherent in exchange phenomena for ions with 
orbitally degenerate ground states (Griffith, 1972), this must 
be regarded as very satisfactory. 
4.5 MAGNETIC DIPOLE INTENSITY FOR THE 4T29 BAND IN KCOF3 
The first spin_allowed band in the spectra of cupic 
4 4 divalent cobalt complexes, T (F) ---~ T2 ' is symmetry Ig g 
allowed for both the vibronic electric dipole and magnet ic 
dipole mechanisms. Experimental observations both of magnetic 
dipole no-phonon lines (Ferguson et al., 1963 ; Sturge et al . , 
1971) and the coincidence in absorption and emission of the 
lowest spin-orbit state (Dietz, 1969) indicate a non- zero 
magnetic dipole intensity. In addition, the total oscillator 
strengths of this band in CoC1 2 , KCoF3 and CoSiF6 .6H20 show 
rather small temperature dependences (Table 4.4) suggesting 
that the magnetic dipole contribution may be a significant 
fraction of the total. 
In order to obtain some estimate (by difference) of the 
vibronic intensity of the 4T29 qand in KCoF3 , wavefunctions 
calculated with the weak crystal field model for the spin-
b fS }} have 
been used to calculate the magnetic dipole osc i llator strength. 
-1 f t· For the energies involved (_ 7000 cm ) these wave unc 10ns are 
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TABLE 4.1 
OBSERVED AND CALCULATED ENERGY LEVELS OF KCOF3 (cm-
1 ) 
* Calculated+ t Observed Calculated 
7261 7178 
7302 7221 
7300 + 100 
7396 7316 
7582 7506 
10700 + 500 10788 10930 
'~ 
15050 + 100 15189 15010 
16871 16640 
1 
17349 17165 
.. 
17400 + 100 17390 17292 
17530 17497 
{ 19172 19240 19150 + 100 19173 19240 
19203 19297 
19800 + 100 19651 19740 
{ 21423 21544 21500 + 50 
21560 21619 
22717 22646 
25250 + 50 25117 24764 
25500 + 50 25375 25044 
26000 + 50 26542 
{ 26543 26500 + 50 27868 
27935 + 10 double excitation 
28090 + 30 " 
Continued 
TABLE 4.1 (cont'd) 
Observed* Calculated+ Calculated 
29300 + 150 double excitation? 
. { 30173 30450 + 100 30311 
31300 + 50 double excitati on? 
{ 31905 31950 + 100 32153 
32282 
34500 + 200 double excitation 
35500 + 100 II 
37000 + 200 II 
37823 
38500 + 50 38337 
39050 + 50 double excitation 
39900 + 100 " 
40250 + 50 40161 
40511 
40613 
42200 + 50 d ouble excitati on 
42700 + 100 II 
43450 + 100 II 
43850 + 50 II 
* Franck-Condon maxima at 20 K. 
+ . Th1S work. Dq = 780, ~ = -490 
used are tabulated in Ferguson 
_1 
em 
et al. 
Repulsion parameters 
{1972} • 
:j: -1 
Ferguson et al . (1963) . Dq = 770, ~ = -500 em 
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:j: 
, 
.. 
TABLE 4.2 
ASSIGNMENTS OF SIMULTANEOUS ELECTRONIC EXCITATIONS IN 
Observed 
Energy 
29735 + 
10 } 
28090 + 10 
29300 + 200 
31300 + 100 
34500 + 200 
35550 + 100 
37000 + 200 
39050 + 50 
39900 + 100 
42200 + 50 
42700 + 100 
43450 + 100 
43850 + 50 
+ 
( -1 THE KCoF3 SPECTRUM cm ) 
Assignment 
10700 + 16870+ 
17400 + 16870+ 
10700 + 25950 
17400 + 21500 
22750 + 16870+ 
25950 + 16870+ 
21500 + 21500 
17400 + 25950 
17400 + 26500 
Calculated energy. Band not observed. 
Calculated 
Energy 
27570 + 500 
34350 + 100 
36650 + 600 
38900 + 100 
39600 + 100 
42800 + 150 
43000 + 100 
43350 + 150 
43900 + 150 
50 
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likely to be as good a description of the spin-orbit states as 
is possible with the simple ligand field model and the transition 
moment will be a good estimate of the true magnitude. 
The magnetic dipole operator is given in the second term 
of equation (2.20) 
-e M 
2mc - =)..1 (4.1 ) 
Since Land S have first order tensor operator equivalents , the 
matrix elements of )..I may be readily computed u sing the techniques 
of Racah algebra. If k. th f T 1S the q component 0 a tensor 
-q 
operator of order k, the matrix element between the states 
laJM) and la 'J'M') may be expressed by the Wigner-Eckart theorem , 
(4.2) 
The term in large brackets is the appropriate Wigner 3-j symbol 
(Rotenberg et al., 1959) and is zero unless _M+q+M' = 0, whilst 
the double barred symbol or reduced matrix element (aJllrk lla 'J ' 
is independent of M, q and M'. The 3-j symbol s describe the 
geometrical part of the matrix element dependent on M and M' , 
and their summation properties may be shown to give 
L L 
M M' 
(4.3 ) 
Matrix elements of )..I between the c ubic symmetry adapted 
free ion basis functions Ira Ya) and I r b Y b) are given by 
(4.4) 
Where again, the reduced matrix element is independent of the 
p 
• 
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appropriate cubic coupling coefficient (Griffit h, 1961; Tatle f.-~0J 
s ince ~ transforms as Tl in O. The matrix elements in eq uati0n 
(4 . 4) may be summed over the component s to give 
(4.5) 
Thus the sums of the moduli squared of the reduced matrix el ements 
for the basis functions appropriate to the crystal field eigen -
states may be related directly to the magnetic dipole oscillator 
strength, f . 
The ways l.n which the I JM) functions give rise to the 
irreducible representations of the cubic group are given in 
Griffith (1961; Table A- 16) and therefore the matrix element of 
equation (4.4) may be calculated for a single combination of Y
a 
and Yb using (4 . 2) and the explicit form of(CJ.J II ~ IICJ. 'J') 
quoted by Shore and Menzel (1968; p . 464) . 
-eh 
4mnc 600, 6LL , 6SS ,/2J+l /2J'+1 
x W(LlSJ' ,W)/L(L+l )(2L+l) 
+ 2W(SlLJ,SJ')/S(S+1)(2S+1 (4.6) 
For the chosen Iray
a
) and Ir b y b), using the appropriate linear 
combinations of IJM) functions from Griffith's Table A-16, denoted 
by Lei JM) and L C IJ'M'), respectively, gives 
Ya YaY b Yb 
Jl) 
M! 
(4.7) 
53 
Magnetic dipole matrix elements only occur in first order 
between components arising from the same term and the computing 
labour is considerably reduced by noting t hat he eigenvecto s 
of interest a~e dominated by their 4FJ character and matrix 
elements between other free ion functions may be neglected. 
Equation (4.6) is expressed in terms of Racah's W c oefficients, 
which a r e r elated to the so-called 6-j symbols by a phase, 
W(.bcd , ef) = ( _l)'+b+c+d { : : ; } 
and both 3 - j and 6-j symbols may be obtained from the 
tabulations of Rotenberg et ale (1959) . 
The oscillator strength contributed by each of the 
transitions f 6 ~ f6 , f sa, fsb is given by 
where e and m are the electronic charge and mass, c is t he 
s peed of light , h is Planck's constant and w is the energy 
-1 
of the t ansition in cm Use of the wavefunctions 
(4.S) 
(4 . 9) 
appropriate for CoIl in KCoF3 (Ferguson , Wood and Guggenheim , 
- 6 f 1972) gives the total oscillator strength 2 .lxlO ( f6 ~ 6 
O -6 a -6 f b - 6) 
.7SxlO , f 6 ~ f S O.96xlO , 6 --::0 f S O.36xlO • 
By diffe ence, the electric dipole ~ibroni~ mechanism 
must contribute about 1.9xlO-6 to the experimentally obse ved 
-6) oscillato strength at 10K (4.0xlO • We thus have the 
situat i on represented in KCoF3 and other octahedral complexes 
of CoIl in which the vibronic intensities of 4T19 (F) ~4T29 
.. 
and 4T19 (F) ~ 4A29 ( - 10-6 ) a r e bot h an order of magnitude 
smaller than 4T19 (F) ~ 4T19 (P) (_ 17xlO-6 ) . Koide (1959) 
4 
regarded the weakness of the A2g band a s a rising because the 
transition is essentially a two electron jump (t2 5 e 2 ~ 9 9 
3 4 
t2 e ). The argument in this simple f orm, however, fails 
9 9 
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to account for the comparably weak T19 (t29 e g ) ---> 
443 T (t2 e ) and one test of an adequate theory of vibronic 2g 9 9 
intensities must pe the explanation of this problem. It is 
r egrettable that even recent calculations of vibronic 
intensities (Chakravarty, 1970) have failed to recognize the 
large magnetic dipole contribution to the t otal intensity of 
4T _ > 4T for C II 19 2g o. 
In cobalt chloride and cobalt fluorosilicate the metal 
i on is surrounded by a trigonally distorted octahedra l arr ay 
of chloride i ons and water molecules , respectively 
(Strukturberichte I 742 (1931) , II 246 (1937); Hassel and 
Salvesen , 1927). Polarised absorption studi es of the 
fluorosilicate (Ferguson, 1970a) have shown that there is 
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little anisotropy in the absorption spectrum and a satisfactory 
analysis was achieved using the cubic d3 ,7 weak field matr i ces . 
No polarised absorption measur ements have been reported 
f or cobaltous chloride so the magnitude of the trigonal field 
is undetermined. Ferguson et ale (1963) measured the low 
temperature absorption spectrum and assigned the band positions 
using Liehr's (1963) strong field model. In this work the 
band positions were re_determined and an analysis of the 
spectrum obtained using the weak field formalism in the manne 
.. 
described above. There are more doublet absorptions than 
can be accounted for a s single ion vibronic states, but 
since considerable changes in the near ultraviolet region 
of the spectrum are observed around 20- 60K (TN _ 25K) i t would 
appear that inclusi on of the exchange field is required for a 
more complete understanding of the spectrum. 
5 5 
Spectral data for the cubic KCoF3 and pseudocubic 
chloride and hydrate will be of much assistance to the analyslS 
of the tetragonal fluorides, CoCI2 .2H20 and CoC12 .6H2 0 so all 
the relevant information is collected together in Tables 4.3 
and 4.4 . It is interesting to note that many of the electron 
repulsion integrals of Table 4.3 d o not follow the same trend 
as, for instance , Dq. It is p robable that these quantities 
for COC12 and CoSiF6 .6H20 are compensating in some non - rational 
way for the effects of the superimposed trigonal field . It 
is believed that there may be some addit ional structural 
changes occurring when the crystal of cobalt fluorosilicate 
is cooled (Ray, 1964; Bose et al . , 1965). 
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TABLE 4.3 
REPULSION ENERGIES FOR CUBIC coIl COMPOUNDS (cm- l ) 
Term Repulsion Energies 
CoC12 KCoF3 
CoSiJ:6 0 6H20+ 
Dq = 690 Dq = 780 Dq = 900 
Z;; = - 420 z;; = -490 Z;; = -490 
4p 11600 13050 13600 
2 H 17600 20450 19300 
2G 13900 15200 15300 
2F (29100)+ 33200 32500 
2p 17100 18950 18500 
2D 41000 9400 44750 12700 41300 11750 
9400 24100 12700 27100 11750 25100 
+ Ferguson (1970b). 
t This quantity is largely unde~ined since none of the observed 
states is very dependent upon it. 
t--
If'l 
BAND 
4T 
2g 
4A 
2g 
4T 
19 
ABSORPTION 
EDGE-·- ( 10K-) 
POSITION+ 
6620 + 30 
-
13500 + 100 
-
17180 + 30 
17400 + 60 
-
29000 
TABLE 4.4 
SPIN ALLOWBD GRY&~b FIEb& BANDS-FOR CUBIC CoIl 
CoC12 KCOF3 CoSiF 6 .• ·6H20 
flO 
+ f300/f POSITION flO f300/f flO f300/f POSITION 10 10 10 
4.3 1.3 7350 .+ 50 4 .. 0 1 .. 3 8500 + 50 5.6 1~1 
\ -
-
- -
15250 + 100 
- -
17500 + 100 
-
-
- -
31 2.0 19250 + 100 17 1.7 20500 + 100 29 2 .1 19700 + 100 
-
-
46000 52000 
+ . ( -1) Fr anck- Condon maXlma em at 10K. 
+fT is the oscillator strength a t T K irt units of 10-
6
• (+10%) 
CHAPTER 5 
DIVALENT COBALT IN TETRAGONAL CRYSTAL FIELDS 
This chapter presents experimental results obtained 
for the tetragonal fluorides K2CoF4 , K2Mg(Co)F4 , Rb2COF4 
and Rb2Mg(Co)F4 and their theoretical analysis using the 
tetragonal weak field matrices for d3 ,7. By collating 
spectral information from all four materials, an unambiguous 
assignment of the spin-allowed bands has been made, permitting 
a rational discussion of the significance of the appropriate 
crystal field parameters. 
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5.1 INTRODUCTION 
Wlth the considerable lnc ease in an understanding of h e 
detailed properties of paramagnetic ions i n exactly cubic 
environmen s , attention has turned in recent years to the optical 
and magnetic properties of compounds with symmetries lower t han 
cubic 0 For a study of transition metal ions in sites of 
tetragonal symmetry, the large series of fluorides c r ystallislng 
with the K2NiF4 structure represent highly attractive systems 
since both the factor group symmetry and paramagnetic ion s ite 
symmetry are D4ho The crystals of the four materials K2CoF4 , 
K2MgF4 , Rb2CoF4 and Rb2MgF4 , which form the subject matter of 
this chapter, are isomorphous with K2NiF4 and have structures 
which consist of single layers of MgF2 or CoF2 separated by 
two layers of RbF or KF. The cobalt and magnesium ions are 
sur r ounded by a tetragonally distorted octahedr on of fluoride 
ions ( Figur e Sol and Appendix Al.2). 
5 01 01 Previous work 
K2CoF4 , Rb 2CoF4 and their isomorphs have ideal two-
dimensional antiferromagnetic structures (Legrand and Plumie , 
1962) and their magnetic properties have been subject to 
intensive study . Srivastava (1963) began investigations into 
the temperature dependence of the magnetic susceptibili t y of 
K2COF4 and found that, unlike K2NiF4 , considerable anisotropy 
in the suscep ibilities persisted above the N~el temperature. 
Although this was regarded as a specific property of the 
cobalt ion, no theoretical explanation was offered. These 
measurements were repeated and extended by Legrand and Van 
den Bosch 1969). Whilst the room temperature susceptibilities 
of K MnF K FeF and K NiF have anisotropies in the range 
2 4' 2 4 2 4 
c 
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1-7%, t he authors noted that the anisotropy of the cobal~ 
salt was an or de of magnitude greater (30%). 
B eed et al. (1969) concentrated on a comparison of the 
magnet ic properties of the two salts, K2CoF4 and Rb2CoF4 . The 
susceptibl1ity of the rubidium salt at all temperatures was 
found to have g reater anisotropy than that of the potassium 
salt. They concluded that the magnetic properties of K2CoF4 
and Rb2CoF4 may be successfully described by the model of the 
two-dimensional Ising antiferromagnet. The Neel temperatur es , 
TN' as determined from F19 NMR line width measurements were 
Folen et ale ( 1968) have calculated the magnetic 
suscept i bility of K2CoF4 using a model based on crystal field 
theo y and a molecular field approximation to the exchange 
interactions, and quote t he energy levels of the spin-orbit 
componen s (Kramers doublets) of the ground state orbital 
riplet of cobalt (II). The wave functions for the ground 
sta e doublet gave calculated g values in good agreement with 
those obtained by EPR measurements on cobalt (II) doped in 
K2ZnF4 • Zero fiel d NMR experiments on F19 in polycrystalline 
K2CoF4 , however, were in some disagreement with the theoretical 
predictions. 
A detailed study of Rb 87 NMR in Rb2CoF4 by Bucci et ale 
(1972) has located the Neel temperature at 99.8 K and revealed 
an i ndirect effect of the orientation of the cobalt spins on 
t he elect ic field at the Rb nucleus. Deviations from 
standard NMR linewidth theory occur at temperatures very 
close to TN. This anomaly has been further investigated with 
19 
a study of F NMR by Bucci and Guidi (1972). 
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Only two optical absorption measurements have been 
reported for the group of crystals K2CoF4 , K2Mg(Co)F4 , 
Rb2CoF4 and Rb2Mg(CO)F4 and both were performed on K2CoF4 • 
Tiwari et al . (1968) reported an unpolarised room temperature 
electronic absorption spectrum of a K2CoF4 cr ys tal but 
failed to i nclude in their analysis the tet ragonal componen t 
of the crystal field. Maisch (1969) considerably extended 
this work , taking measurements at low temperatures in a , a 
and 'IT polarisations. He was unable, however , to arrive at an 
unambiguous assignment in terms of the tetragonal matrices 
of Jesson (1968) although one of his alternatives presented 
a closer agreement with the results of Folen et ale (1968). 
No attempt was made to understand the polarisation behaviour 
observed in the absorption spectra. 
5 .2 ENERGY LEVELS IN THE TETRAGONAL CRYSTAL FIELD 
Having introduced, in section 2.4, the theoretical basi s 
f 3,7 . or the tetragonal crystal field calculation for a d 10n 
us i ng the weak field representation, this section presents a 
brief description of the general results of such calculations. 
The eigenvalues and eigenvectors can be obtained by 
diagonali s ation of the two 30 x 30 spin-orbit matrices (r 6 and 
r7 ) with appropriate values for the twelve parameters required 
(eight electron repulsions, three crystal field and one spin -
orbit coupling). However, unless otherwise stated, neither 
the electron repulsion parameters nor the spin_orbit coupling 
constant have been treated as variables and their values 
should be understood to be the quantities quoted for KCoF3 
(Table 4.3). In this work it is primarily of interest to 
62 
'p 
investigate the variation of the energy levels of the cobalt 
(II) ion with respect to the crystal field parameters Oq , Os 
and Ot. 
With the spin-orbit coupling constant set to zero, many 
degenerac1es appear within and between the f6 and f7 matrices 
and the eigenstates transform as the representations of the 
simple 04h group. Figures 5.2(a) and (b) show the behaviour 
of the qua tet energy levels as functions of Os and Ot for 
~l Oq = 750 cm and s = O. In Figure 5.2(a) the variati on of 
-1 
energy with Os for Ot = +100 and -100 cm demonstrates 
pictorially the same informationpresen~din Table 2.2 but 1n 
this case with the inclusion of all configurational 
interactions. The 4B and Ig 
separated by 10 Oq, and the 
4B states run parallel, 2g 
o f 4 b f 4 0 separat10n 0 Eg rom B2g 1S 
also almost independent of Os and close to the first order 
solution (35/4 )Ot. The splitting of the 4A band 4E c 2g g 
componen s of 4T19 (4p ,Oh) is approxi mately proportional to Os 
and with he sense inverted when Os changes sign. With Os 
defined as in Section 2.4, the 4E c state is higher for g 
positive Os. 
_1 
With Os constant at +500 and -500 cm ,the quartet 
energies have the dependence on Ot shown in Figure 5.2(b). 
Th 0 0 of the 4E b_4B2 l OttO °th Ot b e var1at1on sp 1 1ng W1 ecomes g g 
apparent, with the 4B29 state higher in energy for positive 
Ot , whilst the separation of 4E c from 4A b is largely g 2g 
independent of Ot. 
Inspection of both diagrams or Table 2 . 2 shows that the 
orbital nature of the ground state depends in opposite ways 
on Os and Ot. Thus negative Ot and positive Os favour a 
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4 a . 4 a E ground state, w1th A2 favoured by Dt and Ds of the g g 
opposite signs . Only if one pa r ameter is much larger than 
the othe can confident predictions be made. In fact, for all 
the cobalt fluorides studied, Ds/Dt is large and the ground 
state follows directly from the sign of Ds. 
With the introducti on of spin-orbit coupling, all the 
s~ates of ~ symme ry interact, and similarly for r 7 • The 
pu. e 0 bi al states of Figures 5.2 are split and the energy 
levels are non-linear in the crystal field parameters , but as 
Dq , Ds and Dt increase with respect to the spin-orbit coupling 
cons ant the resemblance to Figures 5.2 increases . Throughout 
the enti e range of crystal field and other parameters used 
1n he process of this investigation , no case was encountered 
in which the symmetry of the ground state was other than r6 • 
As numerous energy level diagrams, appropriate to specific 
p oblems, a re presented within the remainder of this chapter, 
the ne gy level-parameter dependences may be gauged from 
them and they will not be duplicated at this point. To 
p ovide a quantitative measure of the degr e of mixing of spin 
sta es by he spin-orbit coupling operator, he matrix 
diagonalisation r outine was written with the option of 
displaying the total spin-quartet character of each 
eigenfunction . 
5.3 THE NATURE OF THE TETRAGONAL DISTORTION IN K2CoF4 , 
~2MgF4' Rb2~4' AND Rb2MgF4 
Th isostructural series K2MF4 , Rb2MF4 (M = Mg, Zn, Mn , 
Fe, Co, N1, Cu) crystallise in the tetragonal space group 
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D4h 17 (Appendix A1.2 , Figure 5 . 1), with the two parameters 
uF and uK undetermined by the space group symmetry , The va l u es 
of ~ and ~ are about 0.15 and 0.35 respectively but it is 
the precise value of ~ which determines whether the 
tetragonal distortion of COF6
4
- is a compression or elongat i on 
(for K2CoF4 the COF6
4
- is compressed if ~ is less than 0.156). 
Complete crystal structures have been determined only in the 
case of the four salts K2MgF4 (Yamaguchi, 1970) K2NiF4 
(Maarschal1 et al . , 1969), K2CuF4 (Knox, 1959) and K2MnF4 
(Loopstra et al., 1968) and correspond to an axial compression 
of about 1% in the first three cases and an axial elongat i on , 
also about 1%, for K2MnF4 , Despite the close similarities of 
all these structures, therefore, it is not possible to make 
any a priori predictions concerning the sense of the tetragonal 
distortion in Rb2CoF4 , K2CoF4 or Rb 2MgF4 • If the presence of 
the cobalt ion in the lattice of K2MgF4 does not structurally 
disturb it significantly the distortion in this hOst will be 
one of axial compression. As a knowledge of the sense of 
distortion in these materials is of critical importance to 
the understanding of their optical spectra, some considerable 
effort was made to elucidate its nature in K2CoF4 • 
Packing arrangements of the ions along the c axis of 
the unit cell give no clue as to the value of ~ since it is 
known that the K-F (and presumably also Rb-F) distances may 
vary from compound to compound by considerably more than the 
+1% variations in the known values of ~. 
The X-ray powder diffraction pattern of K2CoF4 was 
recorded to determine whether this could provide sufficient 
info mation fo a decision as to the sense, if not the 
magnitude, of ~he distor~ion. Eleven reflect~ons were 
observed but only seven were sufficiently st ro:lg or well_ 
resolved for accurate intensity measurements, and, of the 
latter, two were independent of uF and uK. The project was 
abandoned, however, when it was discovered that the (OO~) 
reflecti ons were far too intense with respect to other ( A~i ), 
an indication of problems of vpreferred orienta~ion!. Despite 
considerable mechanical milling of the sample, the pronounced 
cleavage perpendicular to the c axis produces tiny plates 
which inevitably stack along c when the powder is compressed. 
Examination of the powder under medium power magnification 
immediately conf irmed this hypothesis. The (OO~) reflections 
with ~ odd are systematically absent and (004) is vanishingly 
small due to a cancellation of structure factors. The (002), 
(006) and (008) reflections were found to possess the correct 
relative magnitudes but, of course, provide insufficient 
information with which to calculate uF and uK with the 
required precision . 
Finally, and with the intention of obtaining the most 
desirable piece of information, which would be a complet 
ryst.).l. trl tur , ~'vcr.).l sma1 l (r'9m~nt~ from th K) '01· 
_ --4 
ingot wer submitted for prel~minary single crystal X_ray 
photographs. Despite an exhaustive search, no crystal was 
fou nd to be truly single, the photographs suggesting that 
the combination of mechanical fragility (~c) and easy cleavage 
was responsible for the difficulties. A single attempt at 
recrystallising a small sample of K2CoF4 from the melt 
produced material which suffered in the same way and the 
investigati on reluctantly, had to be abandoned. 
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The consequences of perf orming ' single' crystal 
absor ption experiments on samples not truly single may be 
briefly enumerated. All the crystals used appeared quite 
single under polarised light and thus the scale of the disorder 
must be below that of the visible wavelengths. There is no 
doubt experimentally (fr om the absence of pure electronic 
origins) that the cobalt ion is in a centrosymmetric site 
and since the absorption is isotropic in the ab plane, 
r otati onal dis order in this plane is i mmaterial. The use of 
t he word 'crystal' in the remainder of this chapter will imply 
rec ognition of t he above statements. 
5.4 A8S0RPTION SPECTRA 
The absorp i on s pect r a i n a, cr and TI polarisations of 
were stud ied throughout the accessible s pectral range 
( -1 5000-45000 cm ) and a t temper a t u res from 300- 10 K. The 
s mall dimensions of the cr, TI orien ted K2Mg(Co)F4 crystal 
(Section 3 .1.3) p evented study outside the visible regi on 
but in the aspec t um of a somewhat larger sample (0.5 x 0.5 
x 0.2 mm) , a single l i ne was detected in the infrared reg ion . 
- 1 
The strong absorpt i ons appear in the 5000- 25000 cm 
egion and esults obtained are presented graphically in 
Figu r e s 5 .3-5.6. The polarised absorption spectra of K2CoF4 
are s hown for r oom- temper atu e and 10 K in Figure 5 . 3. The 
absorptions a r e all ver y weak ( 8 < 10) and their behaviour 
on c ool ing, the narr owing of bandwidths, lower intensities, 
s h ifts of Franck-Condon maxi ma and t he appearance of fine 
structure, are all typical of v i bronic s pectra . As simila 
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. . 
tempe ature dependences we e £ound £or all t he mat e rial s 
studied , £urther 300 K spectra are omitted £or clari ty . 
Quantita i ve intensity data £or K2COF4 and Rb2CoF4 whose 
molarity may be calculated, are collected together i n Table 
5.1, but £or Rb2Mg(Co)F4 (unit cell data unavi lable) and 
K2Mg(Co)F4 (too little material available £or analysis o£ the 
cobalt concentration) only relative intensities could be 
measured. 
In terms o£ their gross £eatures, the spectra o£ K2CoF4 , 
Rb2COF4 and Rb2Mg(Co)F4 are very similar , with rather greater 
di££erences between these and K2Mg(CO)F4 • All the a and cr 
polarised spectra strongly resemble that o£ KCOF3 • The most 
striking £eatures common to the spectra o£ K2CoF4 , Rb2CoF4 
and Rb2Mg(Co)F4 are the large splittings ( > 1000 cm-
l ) and 
high dich r oic ratios (up to 7:1) in the visible region, 
7 3 
whereas the anisotropy in the absorption spectrum o£ K2Mg(Co ) F4 
is £ar less pronounced. 
In the case o£ KCoF3 , magnetic dipole and vibronic 
mechanisms £or the absorption bands were distinguished by 
their di££ering temperature dependences (see appended repr i n t) . 
In this instance they may be more con£idently recognised by 
their di££erent polarisation behaviours (equations (3.1)). 
Thus Figures 5.3 and 5.4 show very similar a and TI polarised 
bands in the in£rared region (magnetic dipole), whilst in the 
visible regions £or all £our £luorides, the a spectrum 
resembles the cr spectrum (electric dipole). The magnetic 
dipole abso ptions have been con£irmed as having much smalle r 
temperature dependences than the vibronic (elect r ic dipole) 
bands (Table 5.1). 
'<l' 
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TABLE 5.1 
POSITIONS, INTENSITIES AND TEMPERATURE DEPENDENCE OF SPIN ALLOWED BANDS 
FOR TETRAGONAL COBALT FLUORIDES 
K2CoF4 f300* 
Rb2CoF4 
POSITION+ fl0+ POSITION 
flO 
7600 + 50 2 .9 1.4 7400 + 50 
- -
7500 + 50 4.6 1.1 7140 + 50 
- -
7605 + 30 2.2 1.4 7400 + 50 
- -
15750 + 150 
- -
14900 + 150 
- -
20070 + 30 19720 + 60 
- 22 1.7 -
20500 + 100 20080 + 80 
- -
20070 + 30 19720 + 60 
- 22 1.75 -
20500 + 100 20080 + 80 
- -
19120 + 40 13 1.8 18115 + 20 
- -
- - -
+ .1. (-1) Franck-Condon MaXlma em at 10 K 
+. f -6 Unlts 0 10 
.... 
+0.1 
flO 
3.3 
5.0 
2.4 
24 
24 
13 
f300 
Rb2Mg(CO)F4 K2Mg(CO)F4 
POSITION POSITION 
flO-
-
- -
1,1 7300 + 50 
-
-
1.4 7400 + 50 
-
-
-
15200 + 500 
'"""-
-
19500 + 100 
1.7 -
-
20000 + 100 
-
19800 + 20 19400 + 50 
- -
-
20200 + 20 20000 + 50 
- -
18180 + 20 19300 + 50 
- -
-
18760 + 20 19700 + 50 
- -
The two different absorption mechanisms suggest a 
difference of approach to the assignment of these two prominent 
regi ons of the spectrum. The magnetic dipole absorption is 
fully allowed and its polarisation behaviour will assist ln 
making an assignment, whereas the polarisations of the vibronic 
bands depend on details of the intensity stealing mechanism, 
which must be elucidated after an assignment has been made. 
5.5 FLUORESCENCE SPECTRA 
75 
At the time that these experiments were performed, neither 
of the dilute materials K2Mg(Co)F4 or Rb2Mg(CO)F4 were available. 
Experience with KMg(Co)F3 and KCoF3 had suggested that the 
quantum yield of emission from these compounds would be 
considerably greater than from the pure K2CoF4 and Rb2CoF4 • 
For the latter, the fluorescence intensities, even under optimum 
conditions, were extremely low and therefore large spectrometer 
bandwidths were required, removing the possibility of observing 
any fine structure. 
The spectra given in Figure 5.7 match the expected results. 
For both compounds a coincidence occurs between a shoulder in the 
emission band and the position of the first electronic origin 
in absorption (Figures 5.9 and 5.11), confirming that the 
transiti on is electronically allowed and therefore arises via 
the magnetic dipole mechanism. 
5.6 MAGNETIC CIRCULAR DICHROISM (MCD) 
5.6 .1 Theory 
Although the effect which bears his name, that all 
materials become optically active when placed in a longitudinal 
~ 
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Figure 5 . 7 Fluoyesc nc sp ctra of K2CoF4 and Rb2CoF4 at 
- 20 K . 
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magnetic field, was discovered by Faraday in 1845, little 
application has been made to chemical systems until recently 
and the development of a quantitative theoretical understanding 
is still in progress. The work done before 1968 has been 
comprehensively reviewed by Schatz and McCaffery (1969). 
As a complete assignment of the MCD spectra of the 
tetragonal cobalt system has not yet been achieved, this 
section will present merely a phenomenological description of 
the various features of an MCD spectrum. 
The expression for the MCD of a single transition contains 
three terms designated as the Faraday A, Band C parameters 
(Stephens et al., 1966; Buckingham and Stephens, 1966). The 
form of the dispersion for a term of each type is shown below. 
A and C terms arise from the splitting of the J states by the 
magnetic field and the different selection rules for absorption 
of left and right circularly polarised light, £L-£ R' to the 
various MJ levels. An A term will result if either the ground 
£ 
absorption absorption 
A term B or C term 
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or excited state is degenerate (in the absence of the magnetic 
field) and the resulting MCD, which is temperature independent , 
changes sign at the frequency of the transition. C terms occur 
through the mal redistribution of population within the Zeeman 
split levels of a degenerate ground state and therefore have 
intensities proportional to~. B terms, which are always T 
present in principle, have similar shapes to C terms but are 
temperature independent and arise through mixing between the 
molecular states induced by the applied magnetic field. Both 
Band C terms have their extrema at the transition frequency. 
Qualitatively, B terms provide no information, but the 
presence or absence of A and C terms can give immediate 
indications of degeneracies. A non-zero C term will imply a 
degenerate ground state and a non-zero A term shows that either 
the ground or excited state of a transition is degenerate. 
Large B terms, however, may render an A term unobservable, so 
the absence of the latter need not necessarily indicate a 
non-degenerate transition. 
5. 6.2 Experimental 
Low esolution MCD studies were performed on axial 
samples of K2COF4 , Rb2CoF4 and Rb2Mg(Co)F4 by Dr E.R. Krausz 
of this School. The apparatus consisted of a xenon lamp 
source whose output was firstly plane polarised and then 
retarded into alternately left and right handed circularly 
polarised light by a stress modulated quartz oscillator. 
The sample was mounted in a helium flow tube set between the 
pole-faces of a 5 . 2 kG permanent magnet, the beam passing 
through the sample in the direction of the magnetic field. 
The absorption was dispersed with a Spex 1704 one metre 
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monochromator and a signal detected by phase sensitive techniques. 
Under routine conditions, spectral bandwidth s were around 0.05 nm. 
5.6.3 Results and discussion 
The value of the technique of magnetic circular dichroism 
has been confirmed by the wealth of data it has provided for the 
tetragonal cobalt fluorides. Theoretically , however, these 
materials present a considerable challenge, as the techniques 
for analysing forbidden (vibronic) transitions have only recently 
been developed and the effects of exchange interactions on the 
MCD spectra are not yet fully understood even for simpler 
systems , that is , where there is no ground state orbital 
degeneracy. For these reasons, therefore, a complete analysis 
of the MCD spectra is outside the scope of this work. 
Nevertheless, the MCD studies have provided several 
important qualitative results which satisfactorily complement 
the absorption spectra. The MCD of the dilute salt Rb2Mg(Co)F4 
consists solely of temperature dependent C terms , reflecting 
the Kramers degeneracy of the ground state and which m~st be 
contrasted with the pure materials K2CoF4 and Rb2CoF4 whose 
spectra contain no C terms, the Kramers degene racy having been 
lifted by the exchange field. 
MCD measured for the visible regions of the spectra of 
K2COF4 , Rb2CoF4 and Rb2Mg(Co)F4 are presented together in 
Figure 5 . 8. The c onsiderable differences between the three 
MCD spectra are even more striking than the differences between 
their respective absorptions in the same region . For K2CoF4 
and Rb2CoF4 , whose visible region MCD consist solely of B 
terms, the mixing between the states by the magnetic moment 
operator appea s to be of a different order of magnitude and 
80 
+40 
(\ 
I \ 
+2·0 I VI \ I \ 
I I I 0 I / 
~ Mo (CO)F4 
-2 0 
- 4 ,0 I /' 
/--,..// 
/' 
b /' ./ / 
,/ /' 
X ..-
, - 6 0 
"-
./ 
~_/ 
. 
, r" \ E I \ , + 10 
::E \ 
...... 
2 
" w 0 a 
::E - 1,0 
§ Al72 CoF4 \ 
- 2,0 
\ {I 
'" \ 
\ 
/'J \ 
...- \ 
-3,0 / "-
---./ -- - .....,...,-- ---
/' 0 ... 
z 
w 
U 
G: 
+ 1·0 f' tb , 0 
I \ u 
\ z 
0 \ 
0 
\ ~ u 
\ z ~ 
2 w 
- 1,0 a: 
... 
-' 0 
:::!: 
- 2,0 K2 CoF4 
-.3-0 
; ---./ \ 
I 
\ ,.,-- -- -
"-
'" / ..... /--~-
-4·0 , .I"'\. ,/ 0 
600 ~ 400 . .3-00 
fI 
WAVELEIIIGTH (rm) 
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for Rb2Mg(Co)F4 , Rb2CoF4 and K2CoF4 · 
although, in principle, all electronic states of the molecule 
(including the continuum) contribute to the B terms it would 
seem that in this case the differences in the MCD reflect the 
marked differences in the 17000-19000 cm- l regions of the 
absorption spectra. 
Much of the structure appearing in the MCD spectra and 
particularly evident in the 21000-22000 cm- l regions of 
Figure 5.8, but absent or unresolved in the absorption, must 
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be vibronic in nature (Bird et al. , 1972). Forbidden electronic 
transitions present theoretically greater difficulties of 
analysis with respect to allowed transitions and although the 
signs of the Faraday parameters (of the electronic false origins) 
enable the symmetry of the excited state or perturbing vibration 
to be determined if one of these is known (Stephens, 1966), i n 
the present case the identity of both is in question. It will 
be of crucial value to the understanding of the vibronic 
spectra of non-cubic complexes to see whether the polarisation 
of the vibronic bands is in harmony with the symmetry of the 
effective perturbing vibration , as determined from the MCD. 
Finally , the MCD studies have revealed a large number of 
A terms in the spin-forbidden regions of the spectra of 
-1 K2COF4 and Rb2CoF4 , particularly beyond 25000 cm 
This is 
largely a consequence of the fact that bandwidths for spin 
forbidden transitions are generally much smaller than for spin 
allowed bands, and the magnitude of an A term increases as the 
absorption bandwidth decreases, whereas Band C terms remain 
essentially unaltered (McCaffery et al. , 1967). The MCD is 
therefore much better resolved than the absorption and will 
be of immense value to the assignment of this region . A 
theoretical problem which will be encountered, however, is that 
these transitions are not only electronically and spin forbidden 
but are enhanced by the exchange interactions. In common with 
the absorption spectra, no MCD terms beyond about 25000 cm- l 
were observed for Rb2Mg(CO)F4 • 
5.7 
5.7.1 
ASSIGNMENT OF THE SPECTRA OF K2CoF , Rb2CoF AND ------~---~---~~~~~~~~~---. ~ ~
Introduction 
The low temperature ~ 10 K) absorption spectra of both 
K2CoF4 and Rb2COF4 contain over sixty observable bands, each 
characterised by its energy, intensity and polarisation and 
thus a complete assignment of this wealth of information is 
not a trivial problem. In common with the situation found for 
KCOF3 and KMg(Co)F3 , far fewer absorptions are noted in the 
Rb2Mg(Co)F4 spectrum. An analysis has been sought in terms 
of the tetragonal weak field spin- orbit matrices but it is 
necessary, at the outset, to be aware of the difficulties that 
are likely to be encountered. 
(i) The limitations of crystal field theory i n describing the 
energy levels of transition metal ions are well known and the 
extent to which the theory is inadequate even for the inherently 
simpler systems of the CoIl free ion and CoIl in an octahedral 
field has already been discussed. 
(ii) As additional mechanisms may contribute some of the 
observed fine structure, it is important to be able to 
distinguish between those bands that arise from transitions 
between spin-orbit states of the d 7 manifold and those which 
arise from, for instance, vibrational structur e or the e f fec ts 
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of exchange interactions between cobalt ions . Parallel 
studies of Rb2CoF4 and Rb2Mg(Co)F4 provide a powerful 
experimental test of the latter. 
(iii) Having located the single ion electronic (vibronic) 
transitions, the process of fitting the calculated to the 
observed energy levels requires for each band a decision as 
to how 'exact' a fit will be sought. It is physically and 
theoretically unjustified to pursue the fit to a single 
transition if this gives rise to unreasonable values of one or 
more parameters. Even allowing for the imprecision in locating 
Franck-Condon maxima for broad bands, some of the assignments 
_1 
in the spectrum of KCoF3 are in error by 400 cm More 
importance must be attached to an overall fit rather than 
success for a particular band or region. 
In this section spectral assignments will be 
simultaneously discussed for the three materials K2CoF4 , 
Rb2Mg(Co)F4 and Rb2CoF4 , as the similarities between the 
absorption spectra are considerable and the differences 
instructive . Discussion of the spectrum of K2Mg(Co)F4 will be 
delayed to Section 5.8. 
Figures 5 . 2( a) and (b) show that there are five spin-
allowed bands to be expected in the region of interest; 
A comparison with the spectrum 
of cubic KCoF3 (appended reprint) enables a preliminary 
assignment to be made immediately. The str ong bands in the 
4 
visible region represent the tetragonal components of T19(Oh) 
which are split, to first order, by the quantity I 6Ds-5!4Dt I 
which, at present, has an undetermined sign. The weak and 
broad transition around 15000 cm- l in KCoF3 (4A29 (Oh)) is not 
83 
84 
split by the tetragonal field and therefore the correspondingly 
weak and broad bands in the same region of the spectra of 
K2CoF4 , Rb2Mg(Co)F4 and Rb2COF4 are assigned to 4B19(D4h). The 
4T29 (Oh) band in the infrared appears not to be split by the 
non-cubic field and therefore both tetragonal components, 
4 b 4 E and B2 ' are assigned to the broad absorptions around g g 
-1 7000-7500 cm • A summary of some of the experimental data 
for the spectra+ regions under discussion is pr~sented in 
Table 5.1. 
Use of Table 2.2 enables approximate values for crystal 
field parameters to be obtained which may be used in preliminary 
crystal field calculations. As the splitting of 4T29 (Oh) 
appears to be small, a generous upper limit to IDtl may be 
set at 40 cm- l • The splitting between 4 Eg C and 4A29b may then 
be approximated to I 6Ds I and the energy differences between 
the centroids of the (J and TI absorption s have been divided 
by 6 to give the values in Table 5.2. Finally, Dq is given 
by one tenth of the separation of the Franck-Condon maxima 
. d 4 
of the infrared absorption and the broad band ass1gne to Blgo 
The complete set of parameters is listed in Table 5 . 2 together 
with the minimal amount of information available for K2Mg(Co)F4 
(see Section 5.8). 
5.7.2 4 4 The T2g ( F, 0h) region 
5.7.2.1 Transition mechanism and selection rules 
Figures 5.9-5.11 show the details of the absorption 
bands in this region in <l, (J and TI polarisations. The 
coincidences of <l and TI spectra demonstrate the predominantly 
magnetic dipole nature of this transition, as f ound in KCoF3 • 
The integrated intensities do, however, show some temperature 
~ . 
.. 
Dq 
I Ds I 
I Dt I 
TABLE 5.2 
APPROXIMATE CRYSTAL FIELD PARAMETERS (em- I) 
820 765 780 
200 230 300 
< 40 < 40 < 40 
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dependence, ratios of f300/flO being about 1.1 (0) and 1.4 (n) 
for both K2CoF4 and Rb2CoF4 , and there are also divergences 
between the integrated intensities for a and n and therefore 
the vibronic contribution cannot be entirely insignificant. 
In discussing the details of these bands , however , it may be 
ignored as no structural coincidences are found between the 
a and 0 spectra. 
For reference, the complete magnetic dipole selection 
rule matrix is presented for D4h symmetry in Table 5.3 . 
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Because magnetic dipole transitions may be allowed between 
states of even parity, the complications of an i ntensity 
stealing mechanism which are inherent in an analys is of vibronic 
bands may be avoided and it is to be hoped that an unambiguous 
assignment may be made. 
5.7.2.2 Orbital character of the ground state : Assignment 
of the vibronic envelope 
The inclusion of spin-orbit coupling in crystal field 
calculations is essential for the understanding of spin 
forbidden transitions but in the literature it appears, at the 
same time, to be usual to ignore its effects when discussing 
the polar isations of spin allowed bands. This confused 
situation has arisen from the absence of any suitable 
quantitative description of the states involved. 
To obtain a measure of the 'orbital character' of the 
wavefunction of a given crystal field state i n the p resence of 
spin-orbit coupling is not a conceptually easy task in terms 
of the weak field model as the basis functions a re, of course , 
those of the free ion . The strong field scheme, however, is 
ideally adapted to this problem and limited calculations have 
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TABLE 5.3 
MAGNETIC DIPOLE SELECTION RULES IN D4h SYMMETRY 
E r6 
Al a a , 1T 
A2 a a,1T 
Bl a a,1T 
B2 a a , 1T 
E a, 1T a,1T a,1T a,1T a 
r6 a,a,1T a'1T 
r a,1T a ,a, 1T 7 
... 
All states have 9 subscripts 
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3 7 been performed using the published tetragonal d' matrices 
of Warren (1972). Warren has listed t he symmetry adapted 
strong field functions and the non- zero matrix elements of the 
spin-orbit coupling operator. It is mer ely necessary to add to 
the diagonal elements the one- eleciron contributions to the 
crystal field matrix in terms of Oq, Os and Ot (Ballhausen, 
1962). For the purposes of this work, calculations have been 
limited to t he g r ound state 4T19 (Oh) basis set, which gives 
tw o 3 x 3 Hermitian matrices , one each for the 
representat i ons of 04h'. As the states within 
manifold are not split by Dq or the interelectronic repulsion, 
matrix elements in these quantities do not appear. The 
solutions of the appropriate secular deter minants are corr ect 
to first order only, as configurational i n teractions have 
been ignored. 
The matrices were diagonalised with appropriate values 
of I Os I and I Ot I for each tetragonal fluoride taken from 
Table 5.2 and the spin- orbit coupling constant s -1 = -500 cm , 
giving the results shown in Table 5.4. As expected, the 
orbital character of the crystal fi eld states appr oaches 100% 
as the tetragonal crystal field parameters increase with 
respect to the spin-orbit coupling constant. The pur e orbital 
character of the ground state drops to 73% only for the 
smallest negative values of Os and Ot quoted. 
4 The tetragonal components of T2g (Oh)' however, a r e 
s plit only by Ot to first order, and since this quantity is 
small, the wavefunctions in this region will still be well 
characterised by those of the cubic par ent (Os = Ot = 0). 
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TABLE 5.4 
ORBITAL CHARACTER OF GROUND STATE WAVEFUNCTIONS 
WITH NON-ZERO SPIN-ORBIT COUPLING 
ORBITAL CHARACTER 
Os (cm-1 ) Dt (cm-1 ) OF GROUND STATE ( f6) 
4A 4E 
2g 9 
200 20 0 . 10 0.90 
200 
-20 0.06 0.94 
K2CoF 4 
-200 20 0 . 82 0.18 
-200 -20 0.73 0.27 
250 20 0.07 0.93 
250 
-20 0.05 0.95 
Rb2Mg(Co)F4 
-250 20 0.87 0.13 
-250 -20 0,80 0.20 
300 40 0.06 0.94 
300 -40 0.03 0.97 
Rb2CoF4 
-300 40 0.92 0.08 
-300 -40 0.82 0.18 
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To a first approximation, the magnetic dipole contribution 
to the i ntensity of the 4T19 ~ 4T29 band of KCoF3 will be 
re-distributed i n some way amongs t the components of this 
transition i n the lower symmetry, since no intensity stealing 
mechanism is involved . From section 4.5 , 3flO ( magnetic dipole ) 
is -6 calculated to be 6.3xlO , which is close to the observed 
-6 ( values a t 10 K for fa + fo + fIT = 9.7xlO K2COF4 ) and 
-6 10.7xlO (Rb2CoF4 ). The differences can well be accounted 
for by a vibronic contribution. 
The is otropic absorption in the cubic case has , however , 
been redistributed so that ~~ _2 (2.1 + 0.2 for K2CoF4 , 
2. 0 ~ 0 02 for Rb2CoF4 ) and it may be expected that this 
reflects the r elative magnetic dipole transition moments to 
t he or b ital doubly (E) and singly (82 ) degenerate components 
of t he still essentially cubic 4T29 (Oh). In seeking to confi r m 
this, a very simple calculation of intensities was performed. 
The spin-orbit coupling is neglected and wavefunctions 
for the ground state 
4 b (degenerate E and g 
or 4A2ga) and excited states 
taken as the app opriate 1 LM) 
functions for L = 3 as listed in Griffith (1961 , Table A19)0 
The quantities to be calculated are the various transition 
moments ('¥il~yi'!'j) = ('!'il~x I'!'j ) and (,!,~ ~I '!'j) ' to give the 
dichroic ratio 
o = I('!' il ~z l'!'j ) 12 
I( '!' i l ~y I'!' j ) 1 2 IT 
The magnetic moment operator is related t o the orbital 
angular momentum operator, L, 
(5.1) 
( IJI·IM IIJI.) = 1 -y J 2 - e (IJI·1 L IIJI .) mc 1 - Y J (5 . 2 ) 
and , given the r aising and lowering operators L+ and L_ 
defined in the usual way, L may be replaced by the equivalen 
-y 
operator 
L 
-y 
L - iL ] 
___ x __ ...;;_::..y~ = 
;f'i 
m 2I (L+ L-) (5.3 ) 
Obtaining the z polarised component is a simple matter since 
(504 ) 
By performing the necessary algebra using (5.3) and (5.4) 
on Griffith's functions in the cases of a 4A ground state 2g 
4 
and a E ground state the following quantities for (5.1) g 
were obtained. 
14A2) --> 14Eb) ,I 4 B2) 
14Ea) - !> 14Eb) ,I 4B2 ) 
a/n = 0 
a/n = 2 
M 
The forbidden a component (1 4A2) ~ 14B2») would have 
been expected fr om the selection r ule matrix (Table 5.3) and 
the ~ ratio of 2 does arise simply because the I 4Ea) -2- 1 4Eb) 
transi tion has twice the degeneracy of I 4 Ea) ~ I 4B2)· 
Therefore even this crude model strongly suggests that the 
ground state is predominantly of 14Ega) character and hence , 
by inspection of Table 5.4, that Os is positive. 
A second feature apparent in the spectra of Figures 5.3-
5.5 and pe haps mor e readily seen in the expanded diagrams 
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ln Figures 5,9-5 .11 , is that in the ser ies 
and Rb2 COF4 , the Franck-Condon maxima in a and TI polari sations 
become increasingly separated, in parallel wi t h a large incr ease 
of the ~ intensity ratio in the low energy tail of the band. TI 
4 a Since the orbital character of the E ground sta e is 
g 
essentially unaffected through this s eries , the obs ervations 
can only be understood if there is an increasing tet r agonal 
splitting of the 4T29 band (increasing l Ot I) coupled with an 
4 b increasing E character of the lower ener gy component. The g 
48 t t ' h 'd l' h 4 b s a e 1S t us aSS1gne to 1e above teE and therefor e 2g g 
Ot is positive and increasing in the same sequence as Os, 
5.7.2.3 Assignment of fine structure in the 4T2gl2h ) region 
Reference has been made in Chapter 4 to the observation 
of sharp lines in the 4T29 (Oh) region of the low temperature 
spectra of K2Mg(Co)F3 and KCoF3 and thei r assignment as pure 
electronic magnetic dipole transitions from the f 6 ground stat e. 
Simple crystal field theory gives a poor descr iption of the 
energy separations of these lines (Table 5.5) and although 
the inclusion of a dynamic Jahn-Teller effect has successfully 
accounted for KMg(Co)F3 (Sturge and Guggenheim , 1971) , the 
author is not aware that any quantitative description has been 
applied to pure KCoF3 , Some difficulty may the r efore be 
anticipated for the analogous . tetragonal fluorides. 
The degenerate r s pin-orbit states in the cubic field 8 
4 
are split in 04h' giving six Kramers doublets for the T2g (Oh) 
state as shown below. 
TABLE 5.5 
ENERGIES E AND SEPARATIONS ~E (em-I) OF PURE ELECTRONIC 
MAGNETIC DIPOLE TRANSITIONS 
CUBIC COBALT: 
KMg(Co)F3 KCOF3 
E ~E E ~ E Calculated 
6912 + 1 0 6650 + 2 0 0 
6922 + 1 10 6670 + 2 20 39 
6981 + 1 69 6686 + 2 36 134 
TETRAGONAL COBALT: 
K2 COF4 Rb2CoF 4 Rb2Mg (CO) F4 
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:j: 
Pol. E ~ E E ~E Pol. E ~E Symmetry 
a 6918 + 1 0 6353 + 1 0 a~TI } 6398 + 4 0 f 6 a., IT 6922 + 1 4 6358 + 1 5 
a 6983 + 1 65 6431 + 1 78 a~TI } 6481 + 4 83 f 6 a., IT 7000 + 1 82 6472 + 1 119 
a., IT 7158 + 2 240 6824 + 1 471 a., IT 6766 + 4 3 68 f 7 
a., IT 7 2 78 + 2 360 7070 + 2 717 a., IT 7027 + 10 62 9 f 7 
:j:Appropriate par ameters, Dq = 800, S = - 490 cm- 1 for KMg(CO)F3 
.-
f7 f7 
f 6 
fS < 4E b g f7 
4T 
2g 
< f 6 fS f 7 > 4B 2g f6 f 6 
°h ° ' D4h 
, 
D4h h 
SPLITTING OF 4T29 (Oh) BY SPIN-ORBIT COUPLING AND THE TETRAGONAL 
FIELD (order of levels not determined) 
As the ground state of divalent cobalt throughout the 
regions of Dq, Ds , Dt space under consideration is f6' the 
appropriate magnetic dipole selection rules predict six 
transitions, three (f6 ----~ ~) appearing in all polarisati ons 
and three (f6 ~ f7) appearing TI polarised only. However , 
only for the spectrum of Rb2Mg(Co)F4 does any of the prominent 
features appear in all polarisations, and comparis ons with 
the two pure materials (Figures 5.9-5.11) suggest immediately 
that here , the otherwise degenerate a and TI components of two 
f 6 ~ f6 transitions are split by some additional mech~nism 
to give the four lines in the lower energy region. The 
immediate analysis will be confined to Rb2Mg(Co)F4 where 
these additional effects are absent. 
Preliminary calculations of the energies of the electronic 
states in this region using the complete weak field matrices 
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and the representative crystal field parameters from Table 5 .2 
have shown that the energy separations from the lowest spin -
orbit component of 4T29 (Oh), which always has r 6 symmetry , 
are largely independent of Dq and Ds . With s held constant 
- 1 
at -490 cm ,the dependence on Dt has been computed and 
1 tt d f D 2 -1. . poe or s = ~ 50 cm ln Flgure 5.12. It can be seen 
that it is not possible even approximately to fit the energy 
and polarisation data to any single value of Dt. It would 
h h -1 -1. . appear t at t e 6766 cm and 7027 cm transltl0ns are 
related to a much higher value of Dt (around 50 cm- l ) than the 
-1 -1 -1 6398 cm and 6481 cm lines (Dt _ 10 cm ) . 
The problem to be resolved is whether any value of Dt 
obtained from an assignment of pure - electronic transitions 
will be appropriate to the vertical transitions r ep r esented 
by the Franck-Condon maxima of the broad vibronic envelopes 
in this region. 
For cubic systems, the potential surfaces of all the 
electronic states may (in principle) be plotted with respect to 
the a lg normal coordinate of the nuclear configuration 
(conside ing an isolated octahedral chromophore f or conceptual 
simplicity). The latter may then be inversely related to an 
effective value of Dq, that is, an increase in internuclear 
separations along this coordinate is equivalent to a reduction 
in Dq. For this reason, crystal field spectra are analysed in 
terms of the Franck-Condon maxima of the various bands as 
these correspond to the 'vertical' transitions (no change in 
nuclear geometry) and hence the same value of Dq. To calculate 
the transition energy of a pure electronic no-phonon line 
will require a different Dq if the potential surfaces of the 
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two electronic states concerned are displaced with respect to 
each other in Dq space. For the transitions to t he no-phonon 
4 lines of the T2g band in KMg{CO)F3 , for instance, a Dq is 
required which is smaller than that for the Franck- Condon 
maximum of the vibronic envelope. In practice , i t appears 
that the potential surfaces of each spin- or b i t state of 
4 T2g {Oh) are approximately superimposed , as a single value of 
Dq may be used to describe them all. 
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For a tetragonal system , the same arguments may be appl i ed , 
except that the potential surfaces may now be di s placed i n Dq , 
Ds or Dt space. The no-phonon trans i tion ener g i es are now 
dependent on all three crystal field parameters and even if i t 
is assumed that Dq is similar for each spin - or bi t component of 
4 T2g {Oh) ' the same assumption can hardly be made in respect t o 
Ds and Dt. It might not be unreasonable 0 speculate that the 
equilibrium nuclear configurations of the s t a t es wi t h chiefly 
4 B2g {D4h ) character may differ in Ds, Dt space f r om t hose of 
mainly 4Eg {D4h ) character and in this way rationalise the 
experimentally observed energy separations. Insufficient 
data are available to assign values to mor e than one paramet e r 
for each no-phonon line so it will not be f r uitf ul to pur sue 
this line of investigation at present. It i s not unr easonable , 
however , to assume that small changes in equilibr ium nuclear 
geometry may be associated with large changes in Ds and Dt 
as it will be found that these quantities vary quite considerably 
(for the 'vertical' transitions) through the series of 
tetragonal cobalt fluorides studied. 
For the spectra of the pure materials K2CoF4 and Rb2CoF4 
an understanding of the no_phonon lines must also include the 
effects of exchange interactions. Below the Neel temperature, 
magnetic interactions occur between neighbourlng cobalt i ons 
on the two different (magnetic) sublattices . In contrast t o 
the properties of the dilute isomorph, the translational 
invariance of the lattice exerts a controlling influence and 
the excited states of the single cobalt i on (characterised 
by the site symmetry) combine to p r oduce exciton states, 
characterised by the crystal space group symmetry (Loudon, 
1968). The exchange interaction r emoves t he remaining 
(Kramers) degeneracy to give a possible total of twelve 
4 
transitions for the T2g (Oh) region. The splitting of the 
Kramers doublets is analogous to that of a magnetic Davydov 
splitting and has actually been observed in CoF2 (Cowley et 
al., 1967). It is probable that the spectra of K2CoF4 and 
Rb2CoF4 may also be understood in this way. 
These observations are quite similar to th ose reported 
by van der Ziel and Guggenheim (1968) on the rh ombic system 
COF2 and bear particular resemblance with r espect t o the 
splittings and polarisations of the two strong no- phonon 
lines at lowest energy, in which the cr polarised component 
appears about 5 cm- l below the TI polarised line (compare 
Table 5.5). It thus seems possible that t h is splitting 
arises by a similar mechanism and represents the exchange 
splitting of the lowest Kramers doublet. Unfortunately, no 
comparable data have been published for the dilute material 
Mg(CO)F
2
• In addition, van der Ziel ass igned two of the 
higher energy lines to a Kramers doublet , split in the same 
way. The magnitude of this splitting (29 cm -1) is of ilie 
same order as observed in the second cr, TI pai r f~ K2CoF4 
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( -1) (-1 17 cm and Rb2CoF4 41 cm ) . Temperature dependent studies 
of these l i nes p r oved uninformative as sever e br oadening 
occurred a t t emperatur e s considerably below TN ( _ 100 K). An 
attempt to fit t he energy separations to those given in 
Figure 5.12 was made in the same way but a suitable 'mean' 
value used i n place of the exchange s plit components of the 
first two Kr amers doublets . Exactly analogous arguments give 
/ Dt / -1 -1 for K2CoF4 and Rb2COF4 as ~ 10 cm ,~30 cm respectively. 
The polarisation ratios of these pure electronic lines 
may be understood in the same way as the overall vibronic 
envelope. For the dilut.e material , Rb2Mg(Co)F4 , the first 
two lines have a/ 7T > 1 and the upper lines a In < 1 , both of 
which parallel t he expected band polaris a tions for wavefunctions 
of p r edomi nantly 4E band 482 character respectively (and g g 
hence Dt is positive). For the lower electr oni c lines the 
rati o a/7T increases sharply through the ser ies K2CoF4 , 
4 b Rb2Mg( Co) F4 and Rb2COF4 • Since this must place Eg below 
a nd / Dt / is i ncreasing in this orde r, it reinforces the 
c onclusion that Dt is positive. 
5 .7.3 The 4T19 (4p ,Oh) region 
The low temperature a and 7T s pectra f or the visible 
regi on in t hes e three tetragonal cobalt fluorides are 
presented together in Figure 5 .13. Two spin allowed bands 
4 b 4 c 
are expected in this region, the A and E components 2g g 
of 4T19 (Oh), and therefore at this stage, and by analogy 
with KCOF3 , the additional structure is assigned t o t he 
effects of spin orbit coupling. Whilst their a polarised 
s pectra are similar, the 7T spectra of K2CoF4 , Rb2COF4 and 
Rb2Mg(Co)F4 demonstrate an unusual sequence of intensity 
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changes. Thus the principle 7T absorption has a low energy 
shoulder in K2CoF4 but a high energy shoulder f or Rb2
COF
4
, 
whilst Rb2Mg{CO)F4 appears to represent an intermediate 
situation with two equally intense components. This behaviour 
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is regarded as demonstrating that the divalent cobalt ion is in 
a particularly sensitive situation with r egard 0 spin-orbit 
mixing in the excited states of this r egion. 
Energy levels for the six spin-orbit components of 
4 
Tlg(Oh) are plotted as a function of Os in Figure 5.14. It 
is evident that changing Ot by 100 cm- l affects only the absolut e 
energies of these states and not their separations (and 
likewise Oq), whilst the effect of the non - zero spin - orbit 
coupling constant is apparent on comparing Figures 5.14 and 
5.2{b). The magnitude of the splitting between the spin-orbit 
4 b 4 c. 
components of A2 and E 1S (for Os gr eater than about g g 
100 cm- l ) very largely independent of the other crystal field 
parameters. The observed separations between the two Franck_ 
Condon maxima of the higher energy ( 0 polarised ) band for 
Rb2 CoF4 and Rb2Mg(Co)F4 are both around 400 cm-
l
, a situation 
most closely resembling the right hand side of Figure 5.14, 
that is, positive Os. For K2COF4 , the spin-orbit components 
are not fully resolved but the best estimate from the original 
-1 data gives the splitting as 400-500 cm Therefore, if this 
splitting is due only to spin-orbit coupling, it may be 
concluded that the spin-orbit coupling constant is very 
similar in all three compounds, giving some justification 
for using the same quantity throughout the calculations. 
In 7T polarisation, the two Franck-Condon maxima are 
separated by about 600 cm- l • The dramatic intensity changes 
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do not seem to be reflected in the left hand side of Figu r e 
5.14, where one spin-orbit component ( ~) of 4 Eg C remains 
separated from the other three by about 200 cm- l through out 
-1 the Ds range -200 to -400 cm • If the mos t i ntense band 
in the 'IT spectrum is assigned to the th r ee closely spaced 
quartet states, and the weak shoulder in the 'IT spectrum to 
one or more doublets, the problem of assigning the remaining 
f 4 c . component 0 E rema1ns. For these reasons the regi on of g 
negative Ds in Figure 5.14 has been abandoned. 
Figure 5.13 shows how it is possible to fit the 
separations of the three most intense Franck-Condon maxima 
of Ds in each case and that the optimum values are close to 
those already quoted in Table 5 . 2. After inserting the 
appropriate value for Dt into the energy matrices , the 
absolute energies in the visible region_ were fitted by minor 
adjustments of Dq. 
The polarisations in the visible region are in the 
same sense for all three fluorides but the dichroic ratios 
increase with the magnitude of the tetragonal field (Ds). 
If the non-cubic part of the crystal field is regarded still 
as a small perturbation of the cubic system , it may be argued 
4 c that, with twice the degeneracy, E would have twice the g 
. . f 4 b 1ntens1ty 0 A2g • This seems to be approximately true for 
Rb CoF (4E c;4A b = 1.8) and K2CoF4 (1.65) but rather less 2 4 g 2g 
so for Rb2Mg(Co)F4 (1 01) . On the other hand, there is no 
physical basis upon which to predict that the 4Eg C and 4A29b 
bands should be a and 'IT polarised, respectively, and not vice 
versa. Anticipating, for the moment, some of the discussion 
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to be found in Chapter 7, it can be said that the experimental 
results are group theoretically consistent with a mechanism 
involving intensity stealing by a E: vibration from an E 
u u 
excited state. However, it is only after an assignment has 
been made without recourse to assumptions as to the details 
of the vibronic mechanism that discussion can begin as to why 
the apparent mechanism is more effective than one involving, 
in this example, an a 2u vibration and an A1u excited state, 
which would completely reverse the polarisation behaviour. 
107 
5.7.3.1 Spin-orbit coupling: The complete energy level scheme 
Until this point only three parameters , Dq , Ds and Dt , 
have been treated as true variables in an effort to understand 
the spectra of the tetragonal fluorides with the crystal field 
model, and considerably more than three transitions have been 
successfully assigned. The purpose of this section is to show 
that it is possible to understand qualitatively the intensity 
changes in the visible region of the spectra once the 
possibility of variation of the electron repulsion parameters 
is admitted. The shoulders in the TI spectra of Rb2CoF4 and 
K2CoF4 represent only about 5% of the total TI intensity in 
each case and , presuming this intensity arises from spin-orbit 
mixing, the doublet state(s) involved should have a quartet 
character of this order of magnitude. 
-1 The doublet states in the 16000-18000 cm regi on arise 
2 -
predominantly from the free ion G term s o calculati ons 
were performed in which this quantity was increased from its 
KCOF
3 
-1) cm 
value (15200 cm- l ) towards its free i on value (16520 
(appropriate crystal field parameters in each case). 
In Figures 5.15-5.17 the complete (5000-45000 cm- l ) low 
temperature a and TI polarised spectra for the three fluorides 
are shown together with an energy level scheme calculated 
2 
with the crystal field parameters of Table 5.6 and the G 
repulsion energy set at 98.5% of its free ion value. The 
length of the line marking the energy levels varies with the 
quartet character of the state it represents. 
2 It can be seen that the same value for the G energy 
for the three systems not only qualitatively accounts for 
their distinctly different TI polarised spectra but provides 
-quite a good description of some of the weak a polarised 
states in the same region. 
5.8 THE SPECTRUM OF K2Mg(Co)F4 
As K2MgF4 represents the only member of the group of 
fluorides studied whose crystal structure is c ompletely known 
(Appendix Al.2) , it was hoped that spectra of crystals of this 
material doped with a small concentration of cobalt would 
provide a 'standard' against which the others might be 
compared. Two difficulties arose which prevented the complete 
fulfilment of these aims. The first was the , as yet unsolved , 
technical difficulties of growing sufficiently large crystals 
to enable investigations to be made outside the visible 
region and, in particular, the important 4T29 (Oh) region in 
the infrared, while the second problem was the qualitatively 
different appearance of the visible absorptions with respect 
to the other three fluorides. 
The spectra that were obtained at low temperatures 
in a,a and TI polarisations have been shown together in 
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t 
TABLE 5.6 
CRYSTAL FIELD PARAMETERS FOR TETRAGONAL COBALT 
FLUOR IDES (em - 1 ) 
Dq Ds Dt 
K2 COF 4 825 + 15 195 + 10 10 + 5 
K2 CoF4 785 170 - 50 
Rb2Mg(Co)F4 780 + 10 230 + 10 20 + 5 
Rb2 CoF 4 745 + 15 335 + 20 30 + 5 
K2Mg(Co)F4 -65 
+Maiseh (1969) 
K = Ds/Dt 
18 - 41 
9 - 16 
9 - 14 
109 
.... 
z 
w 
:~ 
U 
U:20-
~ 
u 
5 ;: 
u 
z ;: 
x 
w 
'" ~ ID_ 
::;; 
f6 
17 
I ' 
% OUARTET CHARAC TER 
I 
<I 
1-10 
10- 25 
75-100 
/<T 
10 
11,\1 III ,'I III , \ I ',I, , II 'III 
) 
20 
, 
30 -,.-40 
EN::RGY ( em" x 10' ) 
Figure 5.15 Polari sed absorption s p ec tra of K2CoF together with energy l e ve l sc heme ca l c ulated with the following p arameters : -1 4 . 2 4 -1 
Oq = 825 , Os = 195, Ot = 10 cm Electron repul s lon s : G = 16300, P = 13150 cm. 
Z;; = -490 cm- I , 
, 
...... 
...... 
o 
'" ... 
~ 
>-
ex: 
< 
ex: 
... 
iii 
ex: 
< 
>-
... 
Vi 
z 
w 
... 
z 
fG 
r; 
Figure 5 , )6 
% OUARTET CHlIJlACTER 
10-20 1- 10 
75-100 
(T 
10 
III 
<I 
ENERGY (em" x 10' ) 
2 0 
II 
I 
Pol a ri s ed abs orption s pe ctra of Rb2Mg ( CO )F4 
II II I I I II 
30 
II 
II 
together with energy level sc heme cal c ul a t e d with 
the following p a rameter s : 1 
Oq = 780, Os = 230, Ot = 20 cm- ( Others as Figure 5 .15 ) 
, 
t-' 
t-' 
,..... 
t-
Z 
!oJ 
u 
30 
~ 20 
UJ 
o 
u 
z 
o 
~ 
u 
z ;: 
x 
w 
a: 
.. 
<5 10 
::;; 
o 
r6 
r7 
% OUARTET CHARACTER 
HO 
10-30 
65-100 
~ 
10 
<I 
1/11 
/1 I i I 
20 
III III I I 
30 
ENERGY (cm-' x 10') 
II 
II 
u _ 
I I I I II 
J 
........ .". 
40 
Figure 5 . 17 Polarised absorption s pectra of Rb2CoF toget her with energ y l eve l scheme ca l cu l ated with f . 4 the ollowlng p arame ters : - 1 
Oq = 745 , Os = 335, Ot = 30 cm ( Others as Figure 5 . 15 ) 
! 
l 
I-' 
I-' 
t\.l 
Figure 5.6. In the higher energy regi on the absorption is 
stronger in a polarisation whilst the opposi te i s true at 
lower energies , and thus the dichroic ratios are in the same 
sense, but much smaller than those found for K
2
COF
4
, 
Rb2Mg(Co)F4 or Rb2CoF4 • The band centroids in a and TI 
polarisations are separated by about 400 cm- l giving 65 cm- l 
as an estimate for I Ds I. It is apparent from Figure 5.6 that 
the spectrum is dominated by spin-orbit coupling rather than 
the tetragonal splitting and the environment of the cobalt ion 
bears a much greater resemblance to KCoF3 than do the other 
three tetragonal fluorides. 
Dq and Dt cannot be determined from the limited spectral 
information available. In common with all the cobalt 
-1 fluorides studied, however , Dq will be about 800 cm Since 
the fluoride octahedron in K2MgF4 is c ompressed, equation 
(2.14) predicts a negative Dt and ther efore if K = Ds/Dt _ 10 
( -1 Table 5.5) the approximate values Ds = -65 , Dt = -5 cm 
will be appropriate. That these values are not inconsistent 
with the observations is shown by the calculated tetragonal 
2 
splitting between the r6 and r7 components of the P state 
(85 cm- l ) compared with the separation between t he Franck-
-1 Condon maxima in a and TI polarisations of about 100 cm 
A full discussion of the application of the vibronic 
mechanism to the polarisation of the visible absorption 
bands will be included in Chapter 7. Dichroic behaviour 
in this case is not expected to be marked, however, since 
for Ds = -65, Dt = -5 cm- l the ground elect r onic state has 
about 47% 4A2 character and 53% 4E character (cubic cobalt: 
33% 4A 67% 4 E ) another way of expr essing the very limited 2' , 
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magnitude of the tetragonal crystal field. 
It is not possible, even in this case, t o indicate any 
relati onship between the magnitudes of the c ystallographic 
and spectral distortions since no e rror limits were given in 
the published crystal data of Yamaguchi (1970). If the 
quoted value of u F is assumed to be subject to an uncertainty 
of + 0.001, the tetragonal compression may lie in the range 
0.5 - 1.8% which is too great a spread for any justifiable 
conclusions to be made. The distortions in K2CoF4 , Rb2CoF4 
and Rb2Mg(Co)F4 all appear to be r ather greater. 
5.9 ASSIGNMENT OF THE SPIN FORBIDDEN BANDS 
It is immediately apparent from Figures 5.15 and 5.16 
that the ultraviolet regions of the spectra reveal far more 
absorptions than electronic states to which they may be 
assigned. The remaining structure is therefore regarded as 
either magnetic or vibronic in origin. 
It is worth while to consider whether the fit of the 
-1 
calculated electronic states in the 25000=50000 cm region 
to the observed absorptions might be improved without 
prejudice to the spin allowed region. Experience with KCoF3 
has suggested that this will be possible with suitable 
variations of the electron repulsion parameters (other than 
4p and 2G ) but the task will remain rather meaningless until 
the location of the single ion vibronic transitions has been 
established. Whether eight electron repulsions will be 
sufficient to describe the complete single ion spectrum is 
also a matter for some speculation since the symmetry 
properties of the system require twenty- three (Perumareddi, 
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1967; Table V). 
5.9.1 The 2p regi on 
The free ion 2p state is split into two spin-orbit 
levels ( f 6' and f 8 ') by a cubic c r ystalline field and the 
degener a te f8' is further split by a tetragonal field to 
give t h r ee sta tes (f 6 , f6 and f 7 ). The prime notation is 
here used to distinguish 0h and D4h symmetry labels. The 
nature of the split i ng for rep resentative values of the 
crystal field par amet e rs is illustrated in Figure 5 . 18(a). 
Inspecti on of Figures 5.3-5.5 reveals a complex g r oup 
of relatively sharp ~v -1 
_ 100 cm ) absor p tions in t he 
expected r egion of each fluoride. Unlike th e absorptions 
b - 1 h 2 . eyond 25000 cm ,t e P r eglon is comparably i ntense for 
both t he pur e and dilute materials , with about 2-5% of the 
intensity of t he nearby spin-allowed band with the s ame 
polarisation . It therefore appears that this observed 
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i ntens ity may be unders~ood from the effects of the spin-orbit 
c oupl i ng alone and that enhancement by exchange interact i ons 
is i mportant only for t he highe r excited states. This is 
confirmed by the weak field calculations wh ich , with the 
appropria te crystal field parameters , p redict that the 2p 
wavefunctions will have a (somewhat high) quartet ch a r acter 
amounting to 7-8% for the systems K2CoF4 , Rb2CoF4 and 
Some additional a ssurance that the assignment is not 
unreasonable is p r ovi ded b y calculated and experimental 
energy s h ifts between Rb2CoF4 and K2CoF4 • If the absorption 
s pectra a re compar ed , it can be seen that the most i ntense 
-1 
TI polarised transiti on shifts t o h igher energy by 195 cm 
going from Rb2COF4 to K2CoF4 and the mos intense a 
- 1 
absorption by 45 cm (approximate magnitudes). Using the 
two appropr i ate sets of crystal field paramet ers gives 
1 · h · f f -1 f -1 -1 re at1ve s 1 ts 0 215 cm (7)' 244 cm (f 6) and 31 cm 
The region does not, however, admit to further analysis 
unless the simple crystal field model is modified , as 
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Figures 5.3-5.5 reveal considerably mor e t han t h ree absorptions 
and Figure 5 0 a shows still further structure r evealed by the 
MCD. Because the absorp ion spectra in the pur e and dilute 
materials are reasonably similar , the structure is regarded 
as being vibronic and not magnetic in origin, but the small 
differences that do occur, and the considerable difference 
between the MCD of either K2CoF4 or Rb2CoF4 and the dilute 
Rb2Mg(Co)F4 may either be related to detailed differences in 
the mixing of states by the spin-orbit coupling operator or 
differences between the properties of the phonon modes in 
these materials. 
In the MCD spectrum of KMg(CO )F3 (Figure 5.1a(b)), tw o 
prominent C terms appear (along with some weake structure) 
whose energies and separations accor d well with those 
2 
calculated for the cubic f 6 9 and f a' components of P, and 
which coincide with the two most intense Fr anck-Condon 
maxima in the abs orption spectrum of this mat erial. These 
two features are therefore assigned as the 'vertical' 
transi tions to the f6' and f a' states , of which th e fa ' state 
lies at lower energy. 
The absorption spect um of KMg(Co)F3 in this r egion is 
rather similar to that of tetragonal Rb2Mg (Co )F4 (Figure 
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5.18(c)). In the latte , two equally intense bands appear 
in the a spectrum and which may represent transitions to two 
of the electronic states in this region. The line at lower 
energy also appears in the 'IT polarised spectrum , but in this 
case is distinctly split . Examination of Figure 5.18(a) 
demonstrates immediately that this splitting pattern can 
only occur if Ds is positive thus adding weight to the 
conclusions of section 5.7. 
2 Examination of the wavefunctions of the P states of 
Rb2Mg(CO)F3 reveals also that he polarisations may be 
qualitatively understood. The highest 2p (f 6 ) wavefunction 
obtains most of its quartet character from the free ion 
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4 4 Pl / (4%) and P3 / (9%) basis functions and thus will derive 2 2 
most of its intensity from the a polarised qua tet states at · 
- 1 20153 cm (70% -1 4 and 19776 cm (67% P3/) 
- 1 4 2 
than the 'IT polarised state at 18763 cm ( 18% Pl /, 2 4 
70% P5/). 2 
2 The transition to ~his P state is then 
rather 
4 
6% P 3/ ' 
2 
expected to be stronger in a pola isation, as is observed. 
2 By similar arguments, the P (f7) transition is expected to 
be 'IT polarised whilst no conclusions can be made concerning 
the intermediate 2p (f 6) state (it is observed in a and 'IT 
polarisations). 
5.10 THE GROUND STATE OF TETRAGONAL COBALT (II) FLUORIDES 
The magnitudes of Ds and Dt determined from the spectra 
of K
2
CoF
4
, Rb
2
Mg(Co)F4 and Rb2CoF4 assign , in all three cases , 
4E to the ground state and it is therefore of some importance 
g 
to determine whether this appea s to be in agreement with 
other physical measurements. The most important of these 
.. 
are the emperature dependent magnetic suscept1bility 
measurements on K2COF4 pe fo med by Srivas tava (1963) and 
later analysed by Folen et al e (1968) together with EPR data 
on K2Zn(Co}F4 • Folen is model was r estricted t o a basis set 
of tre six Kramers doublets of 4T19 (Oh} with s1ngle 
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tet agonal crystal field (~) and spin-orbi coupling parameters 
( -_ "('/3 - 1 Ai = - 162 cm ) and , for K2CoF4 , the inclusion of a 
molecular field approximation to the exchange field. The 
best fit to the susceptibility data with espec to the 
variable ~/Ai gives the energy separations of the six Kramers 
doublets , and these have been aken from Folenis Figure 1 to 
compare with those obtained with complete crystal field 
calculations for K2COF4 (Table 5 . 7). 
The data do not distinguish between the two cases 
presented, that is those for positive and negative Ds (4E 
4 
and A2 ground states , respectlvely) . The si ua i on is 
confused by he difficulty of comparing a calculation in which 
the effects of the exchange field have been included (Folen 
et al . ) and one in which they have been neglected. The use 
of such a restricted basis set may also have prejudiced 
Folen's calculation and it would be desi rable to see whether 
its expansion to include 4T (Oh) materially alters the 2g 
results. The evidence is not s r ong enough to enable Maisch 
(1969) to distinguish between his alternative assignments 
for K2CoF4o The solution 0 this problem is amenable through 
the direct observation of fluorescence from the first 
excited state 0 the spin~orbit levels of the ground state 
for one or both of the dilute ma erials Rb2Mg(Co}F4 and 
.. 
TABLE 5.7 
ENERGIES OF 4T19 (Oh) SPIN ORBIT COMPONENTS (em-i) 
IN K2CoF4 
CALC. FROM ABSORPTION SPECTRUM CALC. FROM SUSCEPTIB ILITY 
Symmetry + Energy Symmetry Energy :t * Energy 
f7 1126 
4E a f7 
1027 
g 
f6 906 
f 6 541 
209 
o 
+ Dq = 835, Ds 
:t 
Dq = 835, Ds 
* Folen et al. 
4A a 
C7 
f 6 
2g 
= -195, 
= 195, 
(1968) 
f7 
f7 
f 
6 
f 
6 
Dt 
Dt 
= 
= 
1068 1200 
1031 1150 
791 860 
409 445 
268 270 
o o 
10 -1 em 
10 -1 em 
120 
• 
Al hough appr ec i able static Jahn-Teller effects are 
often observed for systems with a paramagnetic ion in an E 
ground state , there has been no need for its inclusion in the 
present analysis. As the ground state wavefunctions for 
tetragonal cobalt ( II) still closely resemble those of the 
4 
cubic parent Tlg state and with the spin-orbi coupling 
itself responsible for large splittings, it is probably not 
unreasonable that the Jahn-Teller effect is insignificant 
in this case. 
5 . ll CRYSTAL FIELD PARAMETERS FOR K2CoF~2Mg(Co)F4 AND 
~2CoF4 
It has been possible to obtain an internally consistent 
assignment of the absorpti on spect a of the three named 
fluorides with well defined values of the parameters Dq, Ds 
and Dt. The signs of Ds and Dt have been determined from the 
spectral information alone and, to the author's knowledge , 
this is the first time that a spectral assignment of any 
tetragonal 3d complex has been made in which assumptions of 
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this type have not been made. There seems to be no experimen al 
or theoretical evidence which might exclude positive values 
of Dt, as presumed by Maisch (1969). 
The next step is to investigate whe her the quantities 
ln Table 5.5 are physically reasonable. The absolute 
-1 
magnitudes of Dq cluster around the value of 775 + 15 cm 
obtained for KCoF3 , indicating that the environment of the 
cobalt ion in all these materials is r ather simila. Their 
relative magnitudes are also in the expected inverse order 
of the respective lattice par ameters , where known . Thus 
K2COF4 has smaller lattice par ameters and therefore a larger 
Oq than Rb2COF4 and it is reasonable to expec 
has a smaller unit cell ( larger Dq ) than Rb2COF4 , just as 
K2MgF4 has a smaller unit cell than K2CoF4 (Appendix Al.2) . 
In sect i on 2.4, two equations were quoted which were 
both derived using th e point charge model. The first of 
t hese relates the sense 0 sign of the tetrag onal distortion 
to t he sign of Ot , 
(2 .14) 
122 
and the second expresses the prediction that Os and Ot will be 
r elated by a positive constant, K. 
K = Os Dt 
1 1 
2' (3 - 3) 
= 3 r ~x~ ___ z~ __ _ 
-- 1 1 
r 4 (- - -) 5 5 
x z 
An unusual situation appears in the literature i n 
(2.15) 
which, al t hough both equat i ons a r e derived from the same 
model , the vali dity of (2. 14) is assumed wherea s t he 
equation (2.15) is known to be inadequate in many c a s e s. In 
this chapter, a pos itive value has been ass igned t o -Dt 
without knowi ng Do or Oq and it is therefore particularly 
'Xy z 
i mportant t hat a full crystallographic study be performed 
on at least one of the series K2CoF4 , Rb2Mg(Co)F4 and 
Rb2CoF4 to de t e r mine whether, in fact, the CoF6 octahedron 
is tetragonally elongated, a s (2.14) p redicts. 
Although there is p r obably no advantage to be gained 
by pu rsuing the point numer i cally , equation (2. 9 ) p r edicts 
1 that Dq 0:: Oq 0:: 
xy 5' z 
x 
1 and therefore , for small distortions 
5 
z 
-
1 23 
(5. 5) 
where ~ = 1 + 0, and therefore that Dt is very sensitive to z 
the deviation from cubic symmetry represented by 0. From the 
magnitudes of both Ds and Dt it is concluded that the 
tetragonal distortion increases in the order K
2
COF
4
, 
Rb2Mg(Co)F4 and Rb2CoF4 • This conclusion is well supported 
for the two pure materials by the magnetic measurements of 
Breed et ale (1969) which show that the susceptibility of 
Rb2COF4 is much more anisotropic than that of K2COF4 • 
Table 5.5 gives positive values of K in the range 
10 - 40 for the three compounds where complete studies were 
possible. These values are somewhat larger than those 
predicted theoretically (K = 3-6; McClure , 1962 ; Weakliem , 
1962; Piper and Carlin, 1960) but the d i fficulties 
encountered in proposing 'good' radial wavefunctions R3d( ~) 
can easily account for the difference. It has thus been 
shown that for this particular cobalt system , the conclusions 
from the point charge model are adequate to describe the 
true situation. Discussion of the numerous examples evident 
in the literature in which the value of K appear s to be 
negative will be postponed to a more appropriate point in 
the next chapter. 
5 . 12 CONCLUDING REMARKS 
For a study of divalent cobalt in a tetragonally 
distorted octahedral environment, the four materials 
K2 COF4 , K2Mg(Co)F4 , Rb2CoF4 and Rb2Mg(Co)F4 must closely 
approach 'ideal' systems. The D4h site symmetry is 
crystallographically exact and all six ligands of the 
chromophore are similar. The situation will be even further 
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improved when all the crystal structures are completely known. 
As with the cubic systems, chromophores containing only 
fluoride ions are likely to represent the most extreme 
'ionic' case (though the 'covalent' bonding may still 
predominate) and are systems to which crystal field theory 
may be applied with the greatest confidence. In addition, 
however, fluorides represent by far the most popular system 
for MO calculations of varying sophistication ( see , for 
instance, the review by Davies and Webb, 1971) and so it may 
be hoped that some attention will shift from cubic to 
tetragonal systems in the future. 
The experience of working with these materials has 
shown that studies of cobalt doped in the appropriate 
diamagnetic host are essential even though no specific 
investigations of the exchange phenomena have been made. 
Until they may be distinguished, the exchange inter actions 
confuse the single ion spectrum and this difficulty is much 
more serious for the tetragonal as opposed to the cubic 
systems. 
'Ideal' though these fluorides are, the assignment 
of numerical values to the crystal field parameters Dq, Ds 
and Dt is not an entirely trivial matter and requires the 
use of a great deal of spectral information, energies and 
polarisations, to come to an unambiguous conclusion. This 
treatment, however, differs from other studies in the 
literature in that no assumptions whatever have been made 
regarding the signs of either Ds or Dt (relative to Dq). 
-
It is usual, for instance, to relate immediately the sign 
of Dt to the sense of distortion (Dubicki and Day, 1971; 
Perumareddi, 1969 and others) , but in this work there was 
no possibility of making such an assumption. It has been 
proven also that Ds and Dt have the same sign, th ough it 
is often found that cases in which K is negative occur where 
fluoride ligands are involved (Dubicki et al. , 1970; 
Rowley, 1971). 
The major problem remaining which is the understanding 
of the polarisations of the electronically forbidden, 
vibronically allowed bands will be considered in Chapter 7. 
125 
CHAPTER 6 
DIVALENT COBALT IN PSEUDO-TETRAGONAL CRYSTAL FIELDS 
This chapter describes spectroscopic studies on two 
crystal systems containing cobalt (II) ions at sites 
influenced by crystal fields of approximately tetragonal 
symmetry, The first half of the chapter, dealing with 
cobalt chloride hexahydrate, COC1 2 .6H20, shows how the energy 
levels of the cobalt (II) ion may be adequately described 
using a tetragonal crystal field model. This contrasts 
with the second system, cobalt chloride dihydrate, 
CoC1 2 .2H20, where an assumption of 'effective' tetragonal 
symmetry is no longer valid. The theory for tetragonal 
crystal fields is examined in the light of the results 
for exact and approximate D4h systems. 
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6A.l INTRODUCTION 
Two of the hydrates of cobalt chloride, CoC1
2
.2H
2
0 and 
CoC1 2 ·6H20, contain cobalt ions surrounded by an approximately 
tetragonal array of ligands. The crystal structures reveal 
that in the dihydrate, four chloride ions lie in t he plane 
of the cobalt ion, with water molecules in the two axial 
positions, whilst in the hexahydrate the ligands are 
interchanged, with water molecules in the plane and axial 
chloride ions. Together, they provide an important test of 
crystal field theory for a tetragonal ion as it is expected 
that the sign of the tetragonal component of the crystal 
field will be different in the two cases. It is also of 
interest to determine the validity with which the actual 
cobalt site symmetry (C2h in both cases) may be approximated 
to D4h and whether the crystal field parameters needed to 
describe the spectra relate to the properties of the 
appropriate ligands. 
6A . 1.1 Crystal Structure of CoC12.6Hi2 
Selected data for the crystal structure of CoC1 2 . 6H2 0 
proposed by Mizuno et ale (1959) and Mizuno (1960) are listed 
in Appendix Al . 3 . Mention is made of the work of El Saffar 
(1962) in locating the positions of the hydrogen atoms, 
although his results are not of great relevance to this work. 
The structure contains two chloride ions and four water 
molecules octahedrally coordinated to cobalt (II), giving the 
group [COC1 2 .4H2 0 J. These four wa,ter molecules are in a 
plane perpendicular to (010) and inclined to c by about 10 0 , 
and they form an almost square array around the cobalt ion 
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(rectangular sides 305 pm and 294 pm with all Co-O equal to 
212 pm). The CI-Co-Cl axis is perpendicular t o the plane 
of the water molecules (Co-Cl = 243 pm) with the remaining 
two water molecules located within the lattice rather far 
from the cobalt atom (Co-O = 407 pm) . The structure forms 
atomic layers parallel to (001) and thus the perfect cleavage 
in the ab plane can be understood . No low temperature 
crystal structure data have been reported but since no 
anomalies are found 1n either the magnetic or optical 
absorption studies, a uniform contraction of the lattice on 
cooling is presumed. 
The absorption spectra of CoC1 2 .6H20 can be principally 
understood in terms of the properties of the chromophore 
[COC1 2 .4H20]. As spectral measurements were performed with 
light incident on the ab, ac' and bc' faces, the relevant 
projections of the [CoC1 2 .4H2 0J unit are presented together 
in Figure 6.1. 
6A.l.2 Previous Work 
The years which have elapsed since the publication of 
the X-ray determined crystal structure of CoC1 2 .6H20 by 
Mizuno (1960, Appendix Al.3) have seen a wealth of experimental 
investigations into the magnetic properties both of the 
hydrate and its deuterated analogue with a neglect, by 
comparison, of the optical absorption properties. This 
brief review of the most recent magnetic work will emphasise 
the features which assist in an understanding of the optical 
properties. 
Haseda and Kanda (1957) were the first to record an 
anomaly in the temperature dependence of the paramagnetic 
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susceptibility of CoC12 .6H20 around 3K, which they associated 
with a transition to an antiferromagnetic state . This work 
was further refined by Haseda (1960) on single crystals, 
showing that in the paramagnetic region below 20K, the g 
factor is isotropic in the bc plane (consistent with D 4h 
site symmetry for Co(II)) with g (in-plane) greater than 
g (axial) . 
Uryu et al e (1966) reported measurements of the 
principal axes of the g tensor performed by S. Barros which 
s howed that the cobalt ion is in a crystalline field having 
both tetragonal and rhombic components. With one principal 
component of the g tensor constrained by the symmetry 
requirements of the crystal to ·lie along the b axis (gb = 4.90 ) 
the other principal values in the ac plane were found to be 
gl = 2.23 and g 2 = 5 . 13 , where the axis of gl makes an angle 
_17 0 with the a' (~c) direction . Calculations were performed 
with a 4T19 (Oh) basis set and single parameters describing 
the spin-orbit coupling constant and t he tetragonal and 
rhombic components of the crystal field . In this way , ur~ 
estimated that the second and third Kramers doublets lie 
- 1 - 1 
about 12 0 _ 150 cm and 630 - 760 cm above the ground 
state , these values being consistent with both g factor and 
heat capacity measurements . Kumura and Uryu (1966) showed 
that the same parameters were consistent with measurements 
of single crystal susceptibilities in the 4 - 30 K range if 
the effects of exchange interactions are included. 
The nature of the ground state problem for tetragonal 
cobalt (II) is also illustrated by the work of Figgis et al e 
(1968). Their measurements were unable to distinguish between 
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-
4 4E 
a A2g and a g ground state. An attempt to improve this 
situation by expanding the basis set from 4T (Oh) to include 
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all the spin-quartets has been described by Gerloch et ale 
(1971), yet despite their extensive magnetic data, ambiguities 
in the signs of the tetragonal crystal field parameters 
remained and a resolution of the problem was based on such 
evidence as was available at that time from optical absorption 
data. 
Accurate heat capacity measurements by Skalyo et ale 
(1964) have now shown that the Neel temperature of CoCl .6H 0 
2 2 
lies close to 2.289 K. Antiferromagnetic resonance experiments 
(Date, 1962) and NMR studies (Spence et al., 1964) have 
described the magnetic structure of CoC1 20 6H20 in its 
antiferromagnetic state and understanding of its physical 
properties in the temperature range cl ose to TN has been 
enhanced experimentally by the NMR studies of Sawatsky and 
Bloom (1962, 1964) and Sahri (1966) and theoretically by 
Kimura (1971, 1972). 
The first measurements of the absorption spectrum of 
CoC1 20 6H2 0 were reported by Gielessen (1935) who noted the 
strong dichroism in the visible region of the spectrum. 
Pappalardo -1 . (1959) studied the 11000 - 27000 cm reglon of 
the absorption spectrum down to 20 K, using unpolarised 
light. An understanding of the spectrum was hampered by the 
absence of the crystal structure and a tentative assignment 
of the transitions was made on the assumption of effective 
cubic symmetry. 
Polarised absorption meas urements were performed by 
Ferguson (1960) on the ab face of CoC1 2 .6H20 single crystals 
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revealing the strong dichroism in the 22000 cm- l region and 
indicating the need for studies on other crystal faces. 
6A.2 ABSORPTION SPECTRA 
In cases where there are non-zero magnetic dipole and 
vibronic (electric dipole) contributions to a spectrum, six 
polarised spectra are required to fully characterise the 
absorptions of a biaxial crystal (section 3.1.4) and only 
where the magnetic dipole intensities are negligible will 
these six spectra reduce to three identical pairs. Unless 
otherwise stated, all polarisation directions referred to in 
this chapter are those of the electric and not magnetic vector . 
Measurements have been performed on several different 
crystals of both cobalt chloride hexahydrate and hexadeuterate 
giving both polarisation ratios and integrated intensities 
which, within the limits of experimental err or, are internally 
consistent. As no experiments were performed below about 6 K, 
cooperative effects from the antiferromagnetic order around 
TN are not important. 
6A .2 .l The Infrared Region 
-1 The absorption spectra for the 5000 - 15000 cm region 
will, in part, be discussed separately from the remainder as 
its behaviour is different in several important respects. 
Firstly, as well as absorptions (mostly very broad) 
assigned to d-d transitions of cobalt (II), a large number 
_1 . 
of bands appear in the 5000 - 7000 cm region whlch are 
associated with overtones of the strong O-H stretching and 
-1 -1 ( bending frequencies around 3400 cm and 1600 cm Gamo, 
1961). At 10 K these are quite sharp (halfwidths of a few 
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- 1) . 
cm and 1ntense (molar extinction coefficients_ 5) but may 
be readily distinguished from cobalt (II) absorptions by their 
behaviour on deuteration. Figure 6.2 shows a typical result 
for one particular set of polarised absorption measurements. 
For these reasons, a complete polarised spectral study was 
also performed for CoC1 2 .6020 and in the presentation of 
further spectra the absorptions due to H20 (020) vibrations 
have been sub racted. 
This egion of the absorption spectrum exemplifies the 
need to examine the complete set of six spectra (section 3.1.4), 
as four are dist1nctly different. Figure 6.3 shows the 
experimental results obtained at low temperature for the 
hexahydrate. 
At room temperature the bands are broader and more 
intense, with the exception of a b-polarised absorption around 
- 1 . 11500 cm (shown in Figure 6.9) which appears to 1ncrease 1n 
intensity on cooling the sample. The quantitative details 
will be examined more closely in section 6A.4. 
6A.2.2 The Visible and Ultraviolet Regions 
The remainder of the spectrum accessible to study 
(15000 - 45000 cm- l ) is typically vibronic in nature, with 
the absorption dependent only on the direction of the electric 
vector, indicating that the magnetic dipole contributions to 
this region are negligible. In addition, the b- and c ' -
polarised spectra are very similar, but with the latter 
appearing somewhat wea~C?r throughout the region. Certain 
other differences will be discussed at suitable points later 
in the text. 
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In Figure 6.4 a room temperature spectrum measured with 
light incident perpendicular to an ab crystal face is 
presented. The data collected for the other two crystal 
directions duplicate these in the manner described above. 
Of par ticular impact is the highly anisot r opic absorption ln 
-1 
the 20000 - 22000 cm region which makes cleavage plates of 
electric vector parallel to a or b, respectively. 
On cooling, the intensities of all the bands decrease 
considerably with much fine structure revealed in the 20000 _ 
-1 . 21000 cm reglon. Figur e 6.5 shows the spectra for all three 
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crystal axes measured between 10 and 20 K. In these particular 
examples, the crystals were protected from dehydration with 
rubber cement which is itself quite transparent throughout 
the region displayed but which prevents investigation int o 
the ultraviolet region of the spectrum . The intensity 
differences for b - polarised and c ' - polarised spectra are 
r eadily apparent. 
6A.3 ASSIGNMENT SCHEME 
6A.3.1 Molecular Axis System 
It is necessary, before any attempt to assign the 
s pectrum is begun, to decide whether the 'molecular' or 
crystal symmetry is of primary importance to the spectral 
properties, that is, whether the [CoC1 2 .4H20] chromophore 
may be regarded as a discrete molecular unit or whether 
the interactions between chromophores is significant . In 
this case, there is little ambiguity since b is the unique 
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(C2 ) crystal axis and none of the princi pal absorptions is 
polarised parallel or perpendicular to this axi s. The bands 
appear to be polarised either parallel or perpendicular to 
Cl - Co- Cl ( _ a) and thus the analysis will concent r ate on the 
model of the isolated tetragonal [ COC1 2 .4H20 ] unit. 
The (x , y,z) molecular axes are defined so that z lies 
along Cl - Co- Cl , with x and y in the plane of the four water 
molecules such that x lies parallel to b, bisecting one of 
the O- Co- O angles (Figure 6 . 1). The appropriate direction 
cosine matrix transforms the (a,b , c') crystal axes to the 
(x,y , z) molecular axes and as the t r ansition intensities 
are r elated 0 the squares of the projections of the various 
transi ion moments, polarisation behavi our in one coordinate 
system may be compared with the other using the matrix of 
squared di r ection cosines given in Table 6.1. 
TABLE 6.1 
SQUARES OF UNIT PROJECTIONS ON CRYSTAL AXES 
Chromophore Axis Crystal Axis 
a b c ' 
x 0 1 0 
Y 0.158 0 0.842 
z 0.842 0 0.158 
Thus the b and x axes are equivalent, whilst the y and 
z axes project principally on to the a and c' directions 
res pectively. In the remainder of this chapter, the (x,y,z) 
13 9 
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and (a , b , c') axis systems will be used somewhat interchangeably , 
as the context demands. 
6A.3.2 Effective Symmetry of the Chromophore 
Some evidence concerning the effective site symmetry of 
the cobalt (II) ion has come from the magnetic measurements 
briefly described in section 6A.l.2. For the purposes of this 
work, the Veffective Y symmetry of the [CoC12 .4H20] chromophore 
is regarded as an experimentally determined quantity. Since 
the absorp ion spectrum is very nearly isotropic in the bc' 
plane, a model based on a D4h cobalt (II) chromophore is 
considered 0 provide a good approximation to the energy 
levels of the paramagnetic ion (but a poorer-approximati on 
to the band intensities). 
6A.3.3 Predictions from the Point Charge Model 
In the case of cobalt chloride hexahydrate, values can 
be assigned to D~y (= DqH20) and Dqz (= DqCl) from the 
corresponding cubic complexes. Whether these quantities 
~Table 4.4) will be precisely appropriate is open to some 
doubt but as this type of argument has been used extensively, 
it is instruc ive to consider what predictions may be made 
using the point charge model. 
-1 Substitution of D~y = 900 and Dqz = 690 cm into 
equation (2.14) gives Dt -1 f = 120 cm ,and presumably rom 
equation (2.15), Ds will also be p ositive but larger. An 
effective value of Dq for [CoC1 2 .4H20] would be expected to 
-1 lie somewhere between 690 and 900 cm 
For an axial c ystal field weaker than the equat orial 
field, the d orbital is expected to be destabilised with 
xy 
t t d d and therefore the ground state esp c 0 xz' yz 
14 1 
f . . f h . d 7 . . () 2 ( ) 2 ( ) ( 2 2 2 con 19ur a l on or t lS lon wlll be xz yz xy z ) (x _y ) 
4 
and hence of A2g symmetry . 
Spin- orbit Coupling and Elect r on Repulsion Parameters 
In the following sections the te tragonal weak field 
matr ices for d3 , 7 will be used to desc r ibe t he opt i cal 
absorpt i on spectrum of CoC1 2 . 6H20 and so a s sign values to th~ 
crystal f i eld parame t ers. In order t o make use of such 
calculat ions , 9reasonable 9 values mu s t be assigned to the 
spin=or b i t coupling constant and the eight electr on repulsion 
par ameters i n such a way that they do not greatly prejudice 
conclus i ons wh i ch may be obtained concerning Dq , Ds or Dt . 
For this r eason, arbitr ary values were chosen as the mean of 
those f or COC1 2 and CoSiF6 .6H20 ( Table 4 . 3) and unless 
other wise sta t ed , all calculations have been performed using 
t hese quanti t i es . 
6A . 4 THE SPIN=ALLOWED TRANS IT IONS 
As i n t he p r eceding chapter , the technique f or making 
an assignment of the spectrum begins with an attempt at 
locating t he five spin~allowed bands, bot h f r om their posi ti ons 
relati ve to the appropriate transi t ions in CoC12 and CoSiF6
.6H
2
0 , 
and from t hei r intensities . 
The tw o st r ong bands in the visible region of the 
spectrum resemble those of the tetragonal cobalt fluorides 
4 c 4 b 
and they are the r efore assigned to the E and A2 
g g 
t r ansitions. Their cent r oids at low temperatures (in a_ 
- 1 polarisation) a r e separated by about 3850 cm and so a 
preliminar y value of I Ds I may be set at 650 cm- l • 
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If h t t 1 1 0 0 f 4 () e e ragona sp lttlng 0 T2g 0h is small, as 
found for the cobalt fluorides, its components will appear 
unresolved in the 7000 - 8000 cm - l region, which may explain 
the small apparent shifts of the Franck-Condon maxima in 
different polarisations (see Figure 6.3 and Table q.4). On 
the other hand , in b =polarisation there is an equally intense 
o d - 1 absorptlon a oun 11500 em and, for the present , the 
possibility that this represents the other te~ragonal component 
of 4T29 ( Oh ) will also be considered. 
Two alterna tives are also presented for the transition 
4 
to BIg because broad and relatively weak absorptions appear 
_1 -1 both at 16450 em and as a shoulder at 17800 cm on the 
strong visible band. Experimental data for all these 
absorpt i on regions are collected together in Table 6. 2. 
This represents a large number of alternative assignments 
(sixteen) and rather than considering each, in turn, the data 
will be more closely examined t o determine whether any may 
be i mmediat ely eliminated. 
6A.4 . l Vi b ronic Selection Rules 
In the search for an assignmen t of the s pin-all owed 
bands, no use has yet been made of the i nfor mation p r ovided 
by their pola isa ion behaviour. Odd parity vibrations permlt 
transi ions to occur between vibronic states where the pure 
electronic transition is forbidden (section 2.5.2). Treating 
the chromopho e as an isolated tetragonal uni~, the available 
u parity vib at i ons have a 2u' R and £ symmetry, and with ~u u 
the equirement for a vibronically allowed transition that 
the direct p oduct of the ground and excited state symmetries 
with th P rtu bing vibration and the representation of the 
TABLE 6.2 
POSITIONS AND INTENSITIES OF ABSORPTIONS IN THE 
SPIN- ALLOWED REGIONS OF THE COC12 .6H2
0 SPECTRUM 
POSITION+ OSCILLATOR STRENGTH+ 
f fb f e' a 
see Table 6.4 
8060 + 6O} 
8330 + 60 
11500 100 < 0.2 2.0 < 0.2 
16450 + 100 0.25 0.7 0.7 
17800 + 40 0.6 0.6 0.6 
* 18660 + 40 20 
18.5 13 
18410 + 
20} * 
18850 + 40 
22250 + 2 0 22 <0.5 < 0.5 
+Franek- Condon maxima at 10 K (em-I). 
tMeasured at 10 K in units of 10-6 • 
appropriate polarisations. 
f , f b , f , refer to the a e 
* Two resolved maxima appear in b - and e'-polarisations but 
only one in a-polarisation. 
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elect ic vector, must contain the Alg representation it is a 
straigh forwar d matter to construct a vibronic selection r ule 
matrix for the D4h and D4h' groups (Table 6.3). 
It is i mmediately apparent that if the ground state has 
4A29 symmetry and all the perturbing vibrations are equally 
effective , only the transition to 48 will be polarised 
Ig 
(in the xy plane ), and similarly, if the ground state is 
4 Eg , none of the t r ansitions will be polarised . Therefore, 
without maki ng further assumptions regarding deta i ls of the 
vibr onic mechanis m, it is not poss i ble to understand the two 
strongly z - polarised transitions (8330 and 22250 cm- l ) and 
hence the polar isation behaviour does not assist in their 
assignment. Table 6.3 also demonstrates that if the spin _ 
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or bit coupling is of primary impo~tance, selection rules in the 
D4h ' double group do not provide any z polarised transitions. 
Ferguson (1960) a ttempted to understand this problem in 
te ms of the C2h factor gr oup of the crystal. However, even 
when it is as s umed that certain perturbing vibrations are 
more effective than others, the scheme predicts that the 
absorpt i ons will be polarised parallel or perpendicular to 
the C2 (b) axis. However, experimental information unavilable 
to Fe r guson has shown that all the strongly polarised 
absorptions lie parallel to a and are not polarised in the ac' 
plane (~b), and it is therefore not possible for a C
2h 
model 
to provide a rational explanation for the observations. 
This discussion has shown that the information provided 
by the polarisations of the vibronic bands is not of immediate 
value to the p r oblem of their identification and hence an 
TABLE 6.3 
VIBRONIC SELECTION RULES IN D AND D4h , 4h 
f Q 
+ t f +I-f a b 
Al A2 Bl B2 E f 6 f7 
A2 z xy 
E xy xy xy xy z 
<X 2u 
f6 xyz xy 
f 7 xy xyz 
A2 z xy 
E xy xy xy xy z 
S2U 
r 6 xy xyz 
f 7 xyz xy 
A xy xy xy xy z 2 
E z z z z xy 
Eu 
f 6 xyz xyz 
f 7 xyz xyz 
+ Symmetry epresentation of perturbing vibration (ungerade) 
:j:: 
Symmetry epresentation of ground state (gerade) 
+f-
Symmetry representation of excited state (gerade) 
The directions x, y , z refer to the polarisation of the electric 
vector . The dash denotes a forbidden transition. 
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assignment must be made in terms of the band energies only. 
The Infrared Region of the CoC12 .6H20 spectrum 
- 1 . The 11500 cm absorpt10n 
Table 6.4 presents details of the experimental results 
- 1 for the 5000 - 15000 cm region of the CoC1
2
.6H
2
0 absorption 
spectrum. The problem is to identify the positions of 4
829 
and 
4Egb, the two spin- allowed bands expected in this region. 
- 1 Although the 8200 cm band may represent one component, with 
the othe - 1 at 11500 cm ,the many puzzling features displayed 
by this latter absorption suggest strongly that it does not 
represent a spin- allowed band of tetragonal cobalt (II). 
.. . -1 F1rstly, 1f the energy separat10n between 8200 cm and 
-1 
11500 cm represents a tetragonal splitting, the appropriate 
value of I Dt I must be about 400 cm - l , which is rather high and 
. - 1 d . many t1mes greater than even the value 120 cm suggeste 1n 
section 6A.3.3. 
Secondly, and unlike all the other strong absorptions, 
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this band is largely b - polarised, indicating that an understanding 
of its nature will not be possible with a simple D4h model. 
Comparing the spectra of the hydrate and deuterate shows that 
in the lat er material it is broader, weaker and appears to be 
- 1 shifted to lower energies by some 500 cm 
Finally, this band shows a temperature dependence 
opposite to that expected for a vibronic transition since its 
intensity inc eases in an approximately linear manner with 
flO/f300 - 2. It was suspected that this might represent an 
increase in the quartet character of a doublet state in this 
region as the crystal field parameters increased with a 
TABLE 6.4 
INFRARED BANDS IN CoC1 2 .6H2 0 AND CoC1 20 6D2
0 
Polarisation+ . . + PosJ.. tJ..on flO * f300lf ** Posi tion 
ab Iia 
ac' lla 
ab lib 
bc'llb 
ac'llc' 
bc'llc' 
10 
8330 + 30 12.5 2.0 
8330 + 50 12.5 2.0 
8065 + 60 2.5 1.7 
8160 + 60 5.5 1.1 
8200 + 50 2.0 1.6 
8200 + 60 5.0 1.1 
+Crystal face and polarisation of electric vector 
+Franck-Condon maxima at 10 K (cm- l ) 
11500 + 100 
* - 6 Units of 10 • Larger values + 10%, smaller values + 20% 
** Data for hexahydrate only 
flO 
2.0 
f300lf 
10 
0.5 
t-' 
,j:> 
-...) 
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contraction of the lattice on cooling (it is not strictly known 
whether Ds and Dt will increase or decrease) 0 However, although 
there is a r7 state which does approach the quartets assigned 
-1 
to the 8000 cm region with increases in Dq, Ds and Dt, its 
quartet charac e remains quite small «1%) 0 
Without inquiring further , at present , int o the nature of 
t h is transition, it is simply concluded that it does not 
represent one of the tetrag onal components of 4T (Oh)o 
2g 
- 1 . . The 8000 cm absorpt10n r eg10n 
If the vib onic ( electric dipole) and magnetic dipole 
contributions to the absorption intensity in the directions 
i = a,b,c v a re e. and m. respectively, the expressions quoted 
1 1 
in equa ion (3 02) may be used to calculate the individual 
contributions (at 10 K) using the data in Table 6 04 0 Although 
there are six equations f or six unknowns, the data are subject 
t o error and therefore a unique solution cannot be found. The 
approximate ranges determined ( oscillator strengths in units 
of 10- 6 ) are as foll ows 
m = a 
0 _ 2 
e a = 7 0 5 - 9 0 5 
= 3 - 5 
= 0 - 2 
Although, when used in t hi s way, the crudeness of the 
data is of conside rable consequence, it does appear that the 
total vib onic envelope is a superposition of a bc v (xy) _ 
polarised magne ic dipole component and an a(z) - polarised 
vibronic band. This conclusion is supported by the temperature 
dependence of the intensities as listed in Table 6.2, which 
show clearly that the bands which posses s the greatest 
magnetic dipole character also reveal the smallest temperature 
dependence . 
For the cobalt fluorides , the magnetic dipole character 
4 
of the T2g (Oh) region manifests itself in the appearance of 
several no~phonon lines . On closer investigation of the 
low ener gy tail of the 8000 cm- l band in this system, three 
very weak lines were also revealed. This region is 
considerably confused by water overtones but the lines in 
question were assigned a s cobalt transitions by reason of 
their behaviour, with the same sepa rati ons , similar intensities 
The complete low temperature experimental data are presented 
in Figure 6.6. 
These bands are very weak and although they are quite 
-1 sharp at low temperatures (halfwidths of about 20 cm at 10 K) 
they are rather difficult to observe . It is unlikely that in 
Figure 6.6 they have been fully resolved. The problem of 
understanding their polarisation behaviour is subject to 
even greater experimental error than the much more intense 
neighbouring transition. However, the lines at 7092 + 2 
and 7018 + 2 cm- l (CoC1 2 . 6H20) and 7122 + 5, 7052 + 5 cm-
l 
(CoC12 . 6D20 ) appear to be completely magnetic dipole in 
character, with the transition moment polarised in the bc' plane 
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Figure 6 , 6 Fine structure to low e n ergy of infrared b a nd in CoCl 2 , 61 12° and CoC1 2 , 6D20 (10 - 30 K) , 
and thus confirming the conclusions made above. With the lack 
of information and the difficulties already experienced with 
the fluorides , it was not considered of value to seek an 
understanding of the energy separations between these lines. 
The behaviour of the strong absorption region around 
-1 
8000 cm is therefore consistent with it representing two, 
broad supe imposed bands, one arising by a vibronic, electric 
dipole mechanism and strongly polarised in the z direction and 
the other consisting of a magnetic dipole xy-polarised 
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transition. Careful examination of the positions of the various 
Franck-Condon maxima reveals that this explanation is also 
consistent with the observed splittings. The magnetic dipole 
-1 transition has its maximum close to 8060 + 60 cm (Table 6.4) 
- 1 with the vibronic band lying at 8330 + 60 cm In the act 
spectrum, 16% of the relatively intense z - polarised transition 
(Table 6.1) is quite sufficient to shift the c' polarised 
- 1 Franck- Condon maximum to an intermediate position at 8200 cm 
(and since the extinction directions in the ac plane are not 
fixed by symmetry, those determined with visible light need 
not coincide with those appropriate for infra ed wavelengths 
and mixed polarisations will result). 
The 482 and 4E b transitions are assigned to the bands g g 
- 1 1 whose Franck- Condon maxima appear at 8060 cm and 8330 cm 
giving IDt 1= 30 + 10 em-I. In addition, Table 5.3 shows that 
an xy- pola is d magnetic dipole transition in this region must 
correspond either to 4A a ~ 4E b 0 
2g g The 
arguments of section (5.7.2.2) concerning the polarisation 
ratios of the magnetic dipole band may also be applied in this 
-
d d · h 4 a case an pre 1ct t at for a A2g ground state, the z - polarised 
4 a z intensity will be zero and for a E ground state, __ = 2. 
g xy 
With only apparently a small z polarised magnetic dipole 
intensity, the former case appears to be much more reasonable. 
Since, however , it is rather difficult to extricate these data 
from the observations with much precisi on , neither of the 
alte r native possibilities will be elimi nated at this stage. 
6A.4.3 A Partia l Assignment 
The conclusions from the preceding section drastically 
reduce the alte r native assignments pe r missible for this system. 
As found for tetragonal fluorides, I Ds I is much larger than IDt l 
and so the g r ound state is governed by the sign of Ds. If the 
first spin allowed band is 4A a ~ 4E b two alternative 2g g , 
assignment schemes a r e possible . 
4A b 22250 - 1 2g cm 
4E c 18600 -1 cm g 
48 16450 or 17800 - 1 cm Ig 
48 
2g 8330 
4A a 4E a 8060 --:> 2 g g 
( I) 
Computing Dq fr om one tenth of the 4819 
a value 812 cm- l in case (I) but a very 
- 1 
cm 
- 1 cm 
( I)a 
- 48 separation gives 2g 
- 1 un r easonable 947 cm 
(which is greater t han DqH 0) for case (I)a, which is therefore 
2 
eliminated. 
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4 a Two further assignment schemes arise from a E ground 
g 
state but the alternative (II) a may be eliminated for the same 
reason as (I)a. 
4E c 22250 -1 g cm 
4A b 18600 -1 2g cm 
4B 16450 or 17800 -1 Ig cm 
4E b 8330 -1 cm g 
4E a 4 
-1 ~ B2g 8060 cm g 
( II) ( II)a 
For convenience, Table 6.5 lists the remaining two 
possible assignments together with the appropriate (and 
approximate) crystal field parameters for each. It may be 
noted immediately that whichever assignment is chosen, the 
value of K = DS/Dt is negative. 
6A.5 THE GROUND STATE OF COBALT (II) IN CoC120 6HiQ 
The feature which most clearly distinguishes the two 
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alternative assignments presented in Table 6.5 is the predic tion 
of different ground states for cobalt (II). It has been shown 
that this information cannot be obtained from polarisations 
of the vibronic transitions and s o this section presents a 
summary of all available evidence relevant to the ground state 
problem. 
TABLE 6.5 
ALTERNATIVE ASSIGNMENTS FOR THE SPIN-ALLOWED BANDS 
POSITION+ 
22250 + 20 
18600 + 40 
16450 + 100 
8330 + 60 
8060 + 60 
ground state 
Approximate Dq 
crystal field Os 
- 1 parameters (em ) Dt 
ASSIGNMENT I 
4A b 
2g 
4E c 
9 
4B 
19 
4B 
2g 
4E b 
9 
4A a 
2g 
800 
-600 
30 
+ -1) Franck-Condon maxima at 10 K (em -
ASSIGNMENT II 
4E c 
9 
4A 
2g 
b 
4B 
19 
4E b 
9 
4B 
2g 
4E a 
9 
800 
600 
-30 
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6A.5.1 Magnetic susceptibility and heat capacity of CoC12.6H~ 
The crystal field calculations performed by Uryfr et ale 
(1966), described briefly in section 6A.l.2, gave a narrow range 
of solutions for the energy levels of the six Kramers doublets 
of 4T19 (4F, 0h) to satisfy their heat capacity and g tensor 
results. Their energy scale is dependent on the value chosen 
for the spin-orbit coupling constant and therefore the 
quantities listed in Table 6.6 have been calculated from Uryu's 
Figure 4 using the value s = -460 cm- l • Qualitative conclusions 
from UryQ's results are not greatly affected by 10% variations 
in s. Comparisons in Table 6.6 are made with three calculations 
based on the tetragonal weak crystal field model and it can be 
seen that although assignments I and II present quite different 
splitting patterns in this region, neither approaches very 
closely the results quoted from Uryu's work, the deviation most 
likely originating from the neglect of the rhombic crystal 
field. Subsequent variation of the tetragonal parameters Ds 
and Dt gave a good fit to Uryu's calculations with Ds = -300, 
-1 . Dt = 30 cm (Table 6.6) and although the magnltudes of Ds and 
Dt are probably not significant, the weight of evidence appears 
4 to favour a A2g ground state. 
The later report by Gerloch et ale (1971) did little to 
resolve the ambiguity since no reasonable set of crystal field 
parameters gave as good a fit to the susceptibility data as 
desired. 
6A.5.2 The 2p region 
Three spin-orbit states ari sing from the free ion 2p term 
are calculated (using assignments I or II) to lie between 
TABLE 6 0 6 
ENERGIES OF SPIN- ORBIT COMPONENTS OF 4T (Oh) IN 
Ig 
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CALCULATED ENERGY CALCULATED ENERGY 
(abs orpti on) (susceptibility) 
+ :f: 
-++ 
* ** Symmetry Energy Symmetry Energy Energy Energy Energy 
4A a { f7 1906 f7 1662 1329 1280 1440 2g 
f6 1874 f7 1539 1211 1160 12BO 4E a 
f 718 g f6 1398 1065 1000 1120 7 
4E a f7 454 f 6 1140 770 680 800 
g 
f6 243 f 120 148 160 120 
4A a{ 7 
f6 0 
2g f 0 0 0 0 6 
+ . 
600, 
-30 - 1 This wor k. Asslgnment 110 Dq = 800, Os = Dt = em 
:f: 
- 1 Assignment 10 Dq = 800, Os = - 600 , Dt = 30 em 
-++ Dq = 800, Os = -300, Dt 30 -1 = em 
Uryu et al. (1966) * n = 3 0 25, n' = - 3 
** n = 3 0 75 , n' = - 4 
in - 1 the 20 - 21000 cm regi on of the spectrum. 
Examination of Figure 6.5, however, reveals considerably more 
than three absorption bands and, in fact, the scale of Figure 
6.5 obscures most of the weaker features. The complexities of 
this region have long been recognized (Pappalardo , 1959; 
Ferguson, 1960) and have been confirmed in this work (eleven 
distinct absorption bands could be detected with the Cary 17). 
Of particular interest are the appearance, on warming the 
crystal f r om 10 K, of absorptions at lower energies, behaviour 
characteristic of 'hot' bands, that is, transitions originating 
from a vibrationally or electronically excited ground state. 
Figure 6.7 shows the spectrum of an ab crystal face in this 
region at two temperatures, demonstrating the appearance of the 
'hot' band (arrowed) associated with the transitions at 20178 + 
-1 (II -1 (lib) 5 cm a) and 20272 + 5 cm • The separations are 
130 + 20 cm- l in both polarisations, with the temperature 
dependence qualitatively consistent with an origin for the 
- 1 
'hot' band some 130 cm above the ground state. 
This origin is assigned to the r7 spir.-orbit component 
4 a 
of A2g (Table 6.6) but it can be seen that no reasonable 
4E a assignment is possible for a ground state. g 
6A.5.3 h 2 " T e G reglon 
The approximate crystal field parameters for assignments 
I and II we e also used to determine whether a reasonable 
identification could be made of the shoulder appearing at 
-1 ( " 11 1 " t" ) 17800 + 50 cm ln a po arlsa lons • This transition lies 
in the 2G region of the spectrum and it was expected that an 
appropriate value for the 2G repulsion energy would enable a 
fit to be made. 
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However , for assignment II, spin - orbit mixing between all 
the states in the 16000 - 19000 cm- l region is considerable and 
appears to be quite inconsistent with the observations. Many 
other parameter choices were made within the restrictions 
al ready imposed on the crystal field parameters, particularly 
4 
of the P term energy, but little improvement was obtained. 
Assignment I was further investigated and an optimum fi t 
obtained with the 2G repulsion energy at 15100 cm- l (91% free 
ion) which predicts states at 17666 ( f
7
) , 17900 (f 7) and 
( ) - 1 . 17870 f 6 em Wl th a total spin- quartet character of 6%. 
This also adequately explains the observed intensity in terms of 
the spin- orbit coupling, as the shoulder is estimated to have 
about 3 - 4% of the intensity of the neighbouring spin - allowed 
band. 
6A . 5 . 4 Conclusions : A complete assignment of the spin - allowed 
bands 
Individually, the a r guments above do not present such a 
4 4 
clear preference for a A2g rather than a Eg ground state, 
but their combined weight must eliminate the second alternative . 
It is encouraging that this prediction is borne out by the 
point charge model (section 6A . 3 . 3) and therefore assignment I 
is consistent with all the experimental observations . 
The separation between the Franck- Condon maxima of the 
4819 and 4829 transitions provides a well defined value for 
- 1 . 10 Dq and gives Dq = 810 + 15 em in thlS case. The 
approximate values of Ds and Dt for assignment I were individually 
varied over small ranges to give an optimum fit to the energy 
separations between 4E band 4819 (for Dt) and 4A band 4E c g 2g g 
(for Ds) in the manner depicted in Figure 6 . 8. 
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The final set of crystal field parameters, Dq = 810 + 15 , 
Ds = -610 ~ 15, Dt = 30 + 10 cm- l , still do not p r ovide an 
optimum description of the absolute energies of the spin 
allowed bands. It was found from preliminary calculations 
4 that these are dependent also on the P repulsion energy but 
not significantly on any of the doublet electron repulsions. 
With the crystal field parameters given above, an excellent fit 
of the absolute energies of all the spin-allowed bands was 
obtained with the 4p repulsion energy set at 12500 cm- l (85% 
free ion). 
It is also possible to investigate whether the value 
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chosen for the spin-orbit coupling constant is a reasonable one . 
4 c The overall splitting of the spin- orbit components of E 
g 
( 2f6 + 2~) depends slightly on Dt but mostly on the spin - orbit 
coupling constant itself . With the value Dt = 30 cm- l , the 
spin - orbit coupling constant was estimated from a fit to the 
split components of 4E c observed in b- and c' - polarisation g 
_1 
and found to be - 490 + 20 cm • It therefore appears that a 
value of s very similar to those used for KCoF 3 and CoSiF 6 .6H2 0 
Figure 6 . 9 shows the polarised low temperature spectrum 
for an ab face of a cobalt chlo ide hexahydrate crystal togethe r 
with a complete energy level scheme calculated using the 
parameters obtained above. 
6A.6 TEMPERATURE DEPENDENCE 
4 4E c The strong spin - allowed vibronic transitions (B2g , g' 
4A b) have intensities which follow a temperature dependence of 2g 
f6 
f7 
I-
4 
Z 
W 
U 
"-
~ 3 
0 
u 
z, 
0 
~ 2 
u 
Z 
l-
X 
W 
0: 
« 
-1 
0 
::< 
0 
10 
Figure 6. 9 
III I /I / ' I ,I II 
-' 
-' 
15 
1 
\ 
-'\ 
20 
Polar i sed absorption spectrum 
c a l c ulated wi th the fo l lowing 
Electron repu l s jons : 
4p = 12500, 2 /1 = 1 8500, 2G = 
I, 
110 
/ 
lib 
, " 
' ..... 
25 
EN ERGY ( cm"XIO') 
---
30 
o 0 
b CI- \/ 
L ! \-CI o 0 o 
35 40 
of CoC} . 611 0 ( ab face ) together with an energy leve l scheme 
2 2 -1 par a mete rs : Og = 800, Os = -610, Ot = 30, ~ = - 490 cm . 
1 5 100, ? 2 F = 30000, - P = 17800 , 0 = 
cm- l 41100 10500 
10500 2-1600 
I 
I 
a-
tv 
163 
the coth law form (section 2.5.3). Although it is not p r opos e d 
that the value of h v obtained using equation ( 2 . 23) describes 
an actual c r ystal mode, the qualitative aspects enable some 
useful conclusions to be made regarding the vibronic mechanism 
and these will be deferred to a more suitable point in the next 
; 
chapter. The anomalous temperature dependence of the b-polarised 
transitions will be discussed in section 6.8. 
The temper ature dependence of the a_polarised transitions 
. -1 . . 1n the 20000 - 21000 cm reg10n 1S of remarkable magnitude , t he 
maximum extinction coefficient of the most intense feature 
dropping from - 7 at 300 K to _ 2 at 10 K, although much of t he 
apparent change arises from the tails of the neighbouring 
spin- allowed bands, which themselves are very temperature 
dependent. In CoC12 .6H20, the total intensity and percentage 
of the intensity of 4E c + 4A b drop from 10xlO-6 (14%) at g 2g 
-6 172 K to 4.5xlO (10%) at 28 K. Expressed as a percentage , 
therefor e , it is much less dramatic and it may be possible to 
account for it in terms of changes in the spin-quartet charac t e r 
of the 2p wavefunctions. Although , with the crystal field 
2 parameters given above the spin-quartet character of the P 
states is about 10%, the total appears to be largely unaffected 
by 'reasonable? ( _ 10%) changes in Dq, Ds and Dt which might 
be expected to occur on warming the crystal. Further investiga tion 
may be more reasonable when a complete assignment of this region 
has been made. 
164 
6A.7 VIBRATIONAL STRUCTURE IN THE CoC1
2
, 6H
2
0 SPECTRUM 
6A.7.1 Absorption studies 
At low temperatures, the a-polarised absorption around 
- 1 -1 22000 cm and the weaker b - polarised band at 25800 cm reveal 
what appear to be vibrational progressions (see Figure 6.5). 
The structure, which is most clearly resolved at 10 K, appears 
to consist of long progressions (up to six quanta) in each case , 
f . -1 o a slngle mode around 200 cm This implies that the ground 
and excited state potential surfaces are considerably displaced 
from each other and therefore it was hoped that a more detailed 
study might indicate the changes of electronic configuration 
involved in the two transitions. The b - polarised transition will 
be discussed in the next section. 
. -1 . The a_polarlsed 22000 cm band was carefully examined ln 
the spectra of both the hydrate and deuterate on the Cary 17 , and 
some attempt was made to locate the absorption maxima more 
accurately using a Spex 1704 1 metre monochromator. The 
results listed in Table 6,6 show that within experimental error, 
the hydrate and deuterate are identical but that although the 
band positions are difficult to locate accurately , the intervals 
appear to be irregular" 
The normal mode or modes involved must be totally 
s ymmetric with respect to the factor group operations and , from 
the absence of any significant deuteration effect, cannot involve 
any serious deformation of the O-H(D) bond. However, it is 
difficult to understand the uneven vibrational pattern ln terms 
of a single mode or a superposition of more than one, 
TABLE 6.7 
VIBRATIONAL STRUCTURE OF THE a-POLARISED 4A29b BAND 
CoC1 2 ·6H2 O CoC1 2 0 6H2 0 CoC1 20 6D2 0 CoC12 0602 0 
* ab//a (Cary) ab//a ( Spex) ab//a (Cary) ac'//a (Cary) 
Posi tion + Position Position Posi tion Interval Interval Interval Interval 
21570 + 10 21584 + 4 21603 + 10 21612 + 10 
188 + 20 179 + 8 174 + 20 170 + 20 
21758 + 10 21763 + 4 21777 + 10 21782 + 10 
234 + 20 239 + 9 240 + 20 235 + 20 
21992 + 10 22002 + 4 22017 + 10 22017 + 10 
181 + 20 156 + 10 185 + 20 185 + 20 
22173 + 10 22158 + 5 22202 + 10 22202 + 10 
213 + 20 228 + 10 199 + 20 201 + 20 
22386 + 10 22386 + 5 22401 + 10 22401 + 10 
167 + 25 162 + 25 162 + 20 
22573 + 10 22563 + 15 22563 + 15 
+ . ( -1) Franck-Condon maXlma at 10 K em 
* Crystal face and direction of the electric vector 
I-' 
()\ 
V1 
6A.7.2 Raman studies 
The Raman spectrum of powdered CoC1 2 .6H20 , p r esumably 
measured at room temperature, has been reported by Adams and 
Lock (1971). Three strong lines, at 232, 199 and 183 cm- l were 
recorded, with the 232 cm- l line assigned ( by qualitative 
arguments) to a Co- Cl stretching mode. In this work, the single 
measured. 
Raman studies of coloured materials are relatively rare 
since, with he incident and scattered light usually lying in 
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the visible region, absorpt ion by the sample presents theoretical 
and experimental difficulties. For CoC120 6H20, the excitation 
energy (647.1 nm - 1) = 15454 cm and t he Raman scatteri ng 
( - 1) < 15454 cm lie in a region of weak, but isotropic absorption 
4 ( BIg)· The Raman scattered intensity was extremely low, even 
though the sample was cooled to 30 - 40 K to reduce the 
absorption and the laser beam was focussed as close as possible 
to the edge of t he c ystal facing the s pec trometer. To increase 
t he inciden energy flux, a rather poorly transmitting 
interference fil er (_20%) was removed from the optical path. 
Lines arising from Rayleigh scattering of other emissi on 
frequencies of the kryp on laser, normally absorbed by this 
filter, w re located by recording the scattered light from the 
tip of t h e -capillary t ube containing t h e sample and subtracted 
from he total Raman s pectrum. Unfortuna ely, any Raman 
have appeared at 232 -1 (Adams and Lock, scat ering which may cm 
1971) was complete l,y obscured by a krypton emission at 15454 
-
232 = 15222 cm - 1 . 
The spectra in Figure 6.10 show the two Raman lines 
definitely attributed to crystal vibrations and which appear at 
184 + 2 and 199 + 2 cm - l in the hexahydrate and 183 + 2 cm- l ln 
the hexadeuterate. The data were poorer for the hexadeuterate 
167 
(hence Figure 6.10 is incomplete) and th~ presence of a weak line 
- 1 
at 203 + 2 cm could not be confirmed • . . If this was spurious, 
- 1 . 
the 199 cm Ilne must have been shifted considerably, as it 
was not detected anywhere in this immediate region. Although 
it was possible to measure only four of the six components of 
the Raman tensor (for ' the hexahydrate) they are sufficient, in 
this case, to determine the symmetries of the observed vibrations. 
To a good approximation, the crystal axes (a,b,c') are equivalent 
to the factor group axes (x,z,y) in that order. It can be seen 
that the polarisations of the lines in Figure 6.10 are not pure 
(no doubt as a result of experimental difficulties rather than 
the approximations of the coordinate transformation) but are 
sufficiently resolved to enable the non-zero Raman tensor 
components to be identified from the C
2h character table and 
the 184 (183) cm - l vibration assigned as a , the 199 cm - 1 
g 
vibration as S. (with lower case Greek letters denoting the g 
symmetries in C2h ). 
The mechanical nature of the modes remains difficult to 
determine , however , since a rigorous force-field calculation 
is impractical with so little data and no studies (with 
assignments) have been reported on similar systems. Co-Cl 
-1 , d h stretches u s ually appear in the 200 cm reglon an a p onon 
mode at 253 cm- l has been identified in the Raman spectrum of 
CoCl (Chri stie and Lockwood, 1971) though, in view of the 2 
structural differences, analogies with Co-Cl modes in CoC1 2 . 6H2 0 
>-
f-
(f) 
Z 
W 
f-
w 
> 
f-
<l: 
...J 
W 
0:: 
a (b 0) e' 
'/~1)1r>\1 
~Jw.1'v 
220 160 220 
o( bb)e ' 
h.~ 
V'<'!\V,'",111V\I\\1\\}J 
160 
RA MAN 
, , 
c(o e )o 
11"";/ \"". "",,,,, 
220 160 
S HI F T -I ( em ) 
, , 
c( be)o 
\~ 
'-4)"1!\'.\.It"i 
22 0 160 
Figure 6 ,10 Ra ma n s p e ctra o f COC12 , 6020 ( upper row) a nd CoC 1? , 602 0 (l owe r rolV ) ( 30 _ 4 0 K) , 
a-
:0 
169 
Raman studies of CO(H20)6
2
+ in K Co(SO ) . 6H 0 
2 4 2 2 
may be hazardous . 
by Ananthanarayanan and Danti (1966) reveal a Co- O mode at 
-1 
212 cm ,assigned as Eg (Oh)' In C2h symmetry this will spli t 
into an a and S and therefore may also provide a rational g g 
assignment of the CoC1 2 ,6H20 Raman lines . 
6A.8 b - POLARISED TRANSITIONS 
All the bands in the spectrum of COC1 2 , 6H2 0 which are 
strongly polarised parallel to b behave in a manner which suggests 
that they may not be simple d-d transitions . The description 
and discussion already presented for the broad band around 
-1 . . 11500 cm applles ln most respects also to the group of 
transitions ln the 23000 - 28000 cm- l region (Figure 6.5). 
Although the rhombic symmetry of the system may well 
account for the anisotropy of absorption in the bc' plane, an 
assignment of these bands to vibronic transitions makes it 
difficult to understand their temperature dependence. Part of 
a detailed temperature study of the absorption (lib) ln the 
23000 - 28000 cm - l region is shown in Figure 6 . 11b . On cooling , 
the broad 25800 cm- l absorption increases in an approximately 
linear manner with flO l f300 - 2, behaviour which is probably 
related simply to the contraction of the crystal lattice on 
cooling. The corresponding spectrum for the deuterate shows 
very similar structural features but the whole group of 
-1 absorptions is shifted to lower energy by about 900 cm 
(Figure 6.11a). For this reason it would appear that rather 
than a d-d band, some molecular transition involving the water 
molecules is responsible for the absorptions, and they have 
therefore been excluded from the crystal field analysis. 
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'Anomalous ' transitions of this nature are often assigned 
to 'charge transfer' bands merely from a failu re to adequately 
account for them on the basis of crystal field theory. The 
evidence for a positive assignment in this case is limited , 
but involvement of the water ligands is consistent with the 
shifts which have also been observed to occur on deuteration 
for charge transfer bands in other hydrated systems (Halpern 
and Harkness, 1959) though apparently in the opposite direction . 
Although the highest filled MO with predominantly ligand 
character is expected to originate from the TICI orbitals, complex 
formation may lower these below a non-bonding (b
2u
) TI
H20 
orbital, as shown in Table 6.B. In this way, the ligand to 
metal charge transfer of lowest energy arises from the electron 
promotion (b2u ) ~ (b2g ) in D4h , This transition, 4A29 ----~ 4A2U' 
is forbidden in D4h , but if the site symmetry is considered 
becomes 4 Bg --» 4Bu in C2h (C2 ") which has the observed z 
(in C2h ) polarisati on, Since the charge overlap , even for a 
parity allowed TI ---> d transition, is small, this scheme 
provides an explanation for the extremely low intensity of the 
transi tion (f _ 2 xlO-6 ) • 
Support for the role of the water ligands rather than the 
chloride ions is also provided by an examination of the CoSiF
6
,6H2 0 
absorption s pectrum (Figure 6.11c) in which a group of bands 
also appears in the 25000 cm- l region, with a similar temperature 
dependence and intensity as found for CoC12 .6H20. Structure of 
(apparently) a vibrational nature appears at low temperatures, 
-1 
with uneven intervals around 200 cm ,which may be compared 
with the hexahydrate and hexadeuterate results (Table 6.9). If 
the above explanation is correct, the vibrational structur~ 
TABLE 6.8 
SCHEMATIC PARTIAL MO SCHEME (0 ) FOR CoCl 6H 0 
4h 2· 2 
METAL ORBITALS COMPLEX LIGAND ORBITALS 
Px' Py 
Pz 
\ 
d 2 2 -- - bIg x 
-y 
d z 2 \ --- a lg 
d -- - b2g xy 
d --- e 
xz' g 
d yz 1TCI 
b ------2u 1TH 0 2 
Each linear combination of 1T Cl ' ~_ 0' sand p transforming H2 x,y, z 
as one of t he representations of the D4h point group will form 
bonding and antibonding MOl s of the complex except 1T H 0 (b
2u
) 
2 
which is non - bonding. 
The configurational change for the lowest energy ligand to 
metal charge transfer is (filled shells) (b2 ) 2 (e )4 (b2 ) u g g 
(alg ) (bIg) [4A29J 
(bIg) [4A2iJ 
( . 11 ) ( ) (e )4 (b )2 ( ) ~ fl.lled she s b2u g 2g a lg 
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arises from the excitation of normal modes involving the oxygens 
(b2 ---~ b2 (d )). The vibrational interval s are very similar u g xy 
to those quoted in Table 6.8, for which the electronic transition 
involves p romotions into d 2 2 and d orbitals 
x -y xy 
(4 a 2 2 2 2 2 4 b 2 2 2 2 2 ) A2g (xz) (yz) (xy)(z )(x - y ) ~ A2g (xz)(yz)(xy) (z )(x _y ) 
and therefore the appearance of totally symmetric modes also 
involving the oxygen atoms. 
This analysis is interesting ln view of the report by Pipe r 
and Koertge (1960) of relatively similar absorptions in the 
spectra (at 77 K) of several nickel hydrates. They made 
comparisons with two deuterated analogues and also found an 
-1 800 - 900 cm shift to lower energy. However, they reported 
no temperature dependent studies and assigned an evenly spaced 
( - 380 cm- l ) series of weak bands to a progression of a Ni-O mode 
built on the simultaneous excitation of the nickel 3A19 ~ 3T19 
and an O-H (or O-D) stretching mode. This explanation appears 
to be untenable since no account is taken of the presence of 
four spin-orbit components in the 3A19 --_>3T19 transition which , 
on the basis of Piper's model , would result in four sets of 
vibrational progressions (which may partly overlap). Secondly , 
the appropriate region of the NiS04 ·7H2O spectrum reveals, not 
two transitions separated by 380 cm -1 (Piper and Koertge) but 
four, with intervals -175, 185 and 290 - 1 ( this work) • It is c m 
therefore necessary that the observati ons of Piper and Koertge 
be re-considered in the light of the evidence presented for the 
cobalt (II) systems . Their model is inapplicable to the Co(II) 
-1 hydrates as the region of interest is separated by over 5000 cm 
from the 4A b band and is specifically b - polarised , a result 2g 
TABLE 6.9 
VIBRATIONAL STRUCTURE OF THE BANDS AT 25800 cm- 1 
- 1 ) - 1 (CoC12 ·6H2 0), 24900 em (CoC12 .6D2 0 and 25200 em (CoSiF6 06H20) 
CoC12 · 6H2 0 CoC1 2 06H20 CoC1 2 ·6D2 0 
ab//b (Cary) ab//b (Spex) be'//b (Cary) 
Position + Interval Position Interval Posi tion Interval 
24534 + 12 24564 + 5 23697 + 20 
218 + 24 207 + 10 192 + 30 
24752 + 12 24771 + 5 23889 + 10 
186 + 24 192 + 10 184 + 20 
24938 + 12 24963 + 5 24073 + 10 
248 + 24 226 + 10 199 + 20 
25176 + 12 25189 + 5 24272 + 10 
179 + 25 226 + 25 
25355 + 13 24498 + 15 
220 + 26 224 + 35 
25575 + 13 24722 + 20 
198 + 26 
25773 + 13 
154 + 27 
25927 + 14 
+FRANCK-CONDON MAXIMA (em-I) AT 10 K 
• 
CoSiF 6 o6H2 0 
(Cary) 
Posi tion Interval 
24875 + 15 
185 + 20 
25060 + 5 
240 + 15 
25300 + 10 
225 + 60 
25525 + 50 
250 + 65 
25775 + 15 
~ 
-..j 
"" 
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difficul t 0 understand in terms of an O- H stretching mode , 
whateve i s symmetry. 
DISCUSS ION 
I~ has been shown t hat a complete assignment of the spin_ 
allowed bands in the spectrum of CoC12 06H2 0 is possible using 
the tetragonal weak field matrices for d3 ,7 ions o It appears 
hat the [ CoC1 20 4H20] chromophores interact only weakly and may 
be regarded, 0 a first approximation , as discrete ' molecular' 
units with an effective D4h crystal field at th e cobalt (II) 
site o The small rhombic field p r obably accounts for t he c V_ 
polarised spectrum being rather weaker than t he b - polari sed 
spectrumo 
At t he lowest t emperatures the inter ac ti ons be tween 
chromophor es a r e sufficiently important to be r evealed 1n the 
optical studies and where t he absorptions a re st r ongly 
anisotropic in the bc' plane , they are polarised pa r allel to b , 
the unique C2 crystal axis o 
Analysis of the spin- forbidden bands has been somewhat less 
. ( - 1) successful , although at lower energ1es < 23000 cm t he 
calculations have indicated correctly t he regions i n which the 
doublet s ta es a r e expected to appear, whilst t he neglec ~ of the 
rhombic crystal field may be more serious for the sharper 
transitions o 
Above 23000 cm- l the appearance of what is believed to be 
a weak charge transfer band makes redundant an as signment of 
spin- forbidden bands in this region since, not only are the 
doublet absor p ions obscured but the simple crystal field model 
• 
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can no longer be valid in a region where he d7 terms interact 
with 0 her molecular electronic configurations . 
If treated simply as three symmetry parameters required to 
describe the tetragonal crystal field, any values of Dq, Ds or Dt 
are admissable as long as an internally consistent spectral 
assignment can be made . Unlike the tetragonal fluorides, it has 
been necessary to employ chemical reasoning at various stages in 
the assignment of the CoC1 2 .6H20 spectrum to a rrive at a single 
solution . This is necessary, however , to avoid reducing the 
exercise to one of parameterisation in the way that least squares 
computer fitting routines a re sometimes applied to crystal field 
problems (e.g. Gerloch et al., 1970) . The optimum, 'mean ' values 
for all the excited states of this system are Dq = 810 + 15, 
- 1 Ds = -640 + 15 and Dt = 30 + 10 cm where the errors denote the 
ranges within which the parameter is defined. 
The chosen value for Dq lies between DqCl 
from the app opriat e cubic complexes and appears 
and DqH 0' 
2 
(probably 
defined 
fortuitously) close to an ' average ' value, 2/ DqH ° + 1/3 DqCl = 
3 2 
- 1 830 cm • There is no physical basis fo assuming that eithe r 
ligand will exert the same crystal field in the cubic and 
tetragonal complexes, and since the value of Dt is much smaller 
( - 1) . than ant icipated from the point charge model -120 cm lt 
appears that the effective magnitudes of DqH ° and DqCl are 
2 
rather close to each other in CoC12 .6H20. This behaviour has 
been noted in some tetragonal chromium (III) complexes (Baker 
and Phillips , 1966). Dt has been proven to be positive, in 
accordance with the point charge model (section 6A .3 .3) and 
hence predictions of this type may now be made with some 
confidence in other systems. 
The ratio K = DS/Dt is defin1tely negative , wlth a value 
between -15 and - 30 , which is of somewhat greater magnitude than 
he resul s for the te ragonal fluorides . Th i s value may be an 
i nhe ren proper y of the cobal (II) ion but there a r e no repor s 
of crystal field analyses on other tetragonal cobalt (II) systems 
with which i may be compared . It is qui e lar ge compared with 
n values determ1ned for other tetragonal d systems Cr ( I II ) - I K I 
= 0.5 - 8 ( Rowley , 1971), IK 1 _ 1 (Dubicki and Day , 1971) , 
IKI - o.s ~s ( Kee on et aL , 1971) : CU ( II) _ IKI _ 4 ( Oelkrug , 
1971) : Ni{II) - I K 1- 2 - 7 (Lever, 1968)0 
As .he r a io of two symme ry pa ame ers, no r estr iction 
to posi ive K arises o An understanding of the physical basis for 
Ds and Dt , howeve , requires a model , and in this case only he 
point charge formalism has been applied to the p r oblem , Within 
his f r amework , equation (2015) does not admit nega 1ve values 
of K. Recen ly , Donini et al. {197l} have modified equation 
(2.15) by considering that he mean r adii r n do no have equal 
equa 0 ial and axial values . Modifying Doninivs equations 4 and 
8 gives 
Dt 2Ze
2 4 
( xIs :5 ) = -n- r 
(6.1 ) 
Ds 2Ze
2 2 (:3 -:3) = -7- r 
Donini et al. discuss the res rictions which may be placed on 
the parameter A and show t ha for an elongated complex (2 ? x) , 
he combination of positive Ds and negative D 1S impossible for 
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any A, WhlCh would have elimina ed assignment II in t he case of 
effectlvely a fourth crys al field parame er , must inevitably 
. t . K · t . ( . Ds I glve nega lve ln cec aln cases al ernatlvely , Dt may be 
defined as aK , Wl th a = 1). This sort of discussion tends 
to obscure he fact that the poi n t charge model for tetragonal 
complexes is inadequate and since i s inadequacies are well 
recognized for cubic systems, its quantitative value to systems 
of considerably greater complexity must be doubtful . 
INTRODUCTION 
Cobal chloride dihydra e p resents the firs example i n 
this work fo which the axial field is fo mally greater than 
the in- plane field. Because of ltS close relationship to cobalt 
chloride hexahydrate , the results and analysis will follow a 
similar scheme to pa t A of this chapter. 
C ystal Structure 
The mo phology of CoC12 .2H20 crystals has been described 
by Neuhaus (1938) and he X_ray crys al structure determined 
by Morosin and Graeber (1963) (Appendix Al.4). The series 
MX2 .2H20 (M = Mn, Fe, Co, Ni and X = Cl , Br ) all contain 
polyme ic - MX2 - chains linked together by hyd ogen bonds with 
water molecules occupying he remaining oc ahed al positions. 
For CoC12 .2H20, these chains lie along the c axis, wi h the 
cobalt ions almost symmetrically bridged by palrs of chloride 
ions hence the cleavage Ilc). The a:r angemen of chlorides 
178 
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around each cobal is almos square planar with Co- Cl distances 
245.0 and 247.8 pm and t he CI - Co- Cl angle about 88 0 • Figur e 
6 . 12 shows p ojec t ions of this structure on the t h r ee crystal 
faces (bc , a Vb , a Vc) chosen for t he absor pt i on meas urements . 
Morosin ( 1966) also reported the temperarure dependence 
of the crystal struc u r e and although no difference was found 
be ween the 300 K and 5 K structures , the contraction of the 
lat ice was qu i e aniso ropic. From 300 _ 80 K the contraction 
was linear and amoun t ed to 1% ( along a ), 0.65% (b) and 0.15% (c). 
68 . 1. 2 P r evious WOLk 
In common with the hexahydrat e, studies of its magnetic 
p ope ties have completely dominated the literatur e on 
CoC12 .2H20 whilst investigations of its optical proper ties are 
incomple e. The magne i c structure, which is antifer omagnetic 
(TN = 17.2 K; Kobayashi and Haseda, 1964; Chihara et al ., 1964 ) 
with ferromagnetic linear chains coupling antiferromagnetically 
o adjacen chain, has p r oved 0 be of considerable experimental 
and heoretical interest. 
Nara h 1964 , 1965) has shown that the magnetic susceptibility 
has rhombic symmetry, although the large anisot r opy in the ac 
plane escaped detection in their ear lier experiments due to 
twinning of he c ystals on ( 100) planes . The principal 
direc ions of he susceptibillty in the ac plane nea ly coincide 
with he Co- Cl bonds. His calculations indicated that the first 
exci ed Kame s doublet would lie some 136 cm- l above the ground 
state al hough a re - analysis of NarathVs data by Oguchi ( 1965) 
_ 1 d placed thlS sta e 260 cm above the groun state. 
Musa and Hlevca (1968) studied t he absorption s pec trum of 
CoC12 .2H20 us' ng unpolarised ligh , analysing the r suIts with 
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a cu lC c ystal field model. Lawson ( 1966 ), however , r evealed 
t he conside r able anisotropy of the absorption with polarised 
measu emen s at low temperatures on a (110) face yet , while 
admitting the effecLive symmetry 0 be no higher than D4h ' also 
attempted an assignment in terms of a cubic crystal field . 
6B.2 ABSORPTION SPECTRA 
The cobalt chloride dihydrate crystal is also biaxial and , 
as with the hexahydrate, six se s of polarised spectra were 
measu remenLs were made below the Neel temperature , bUL no 
opLical evidence of the magnetic ordering was noted. 
Desc iption of the esul s will, for the same reasons 
as above, be separa ed in 0 those for the infrared and visible 
regions respectively. Most of he crystals used were embedded 
in epoxy resin section 3.1.5) which absorbs strongly beyond 
- 1 . 30000 cm , but a brief study of he ultraviolec r egion USlng 
two samples mounted in quartz cells (section 3.2.1) revealed 
no significan absorptions before the UV edge at 
-1 
_ 35000 cm • 
Fo the dihydrate i is unfortunate that the extinction 
directions in the a v c plane lie along a* and c*, displaced _ 30
0 
f om a' and c, and herefore the a V_ and c _polarised spectra are 
2 0 2 0 
mixed in the ratio cos 30 : cos 70. For this reason, 
absorptions in the aVc plane with zero magnetic dipole 
character still do not appear to be exactly the same as 
a Vb//a and bc//c. 
6B.2.1 The Infrared Region 
Figure 6.13 presents the polarised, low temperacure 
inf ared sp ct a of the cobalt (II) t ansiLions for CoC12 ·2H20, 
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the struc ure due to water vib ations having been recognized by 
comparison with CoC1 20 2D20 and subtracted in the manner 
described above. Lawson (1966) , although indicating that the 
- 1 6000 cm transition was not due 0 the cobalt lon, gave no 
reasons, and the results presented here do not suggest any. 
The temperature dependence of the absorptions in this 
r egion diffe s rna kedly from the hexahydrate and is partly 
illust ated by the 300 K and 10 K spectra fo r an a'b face of 
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CoC1 2 .2D20, given also in Figure 6.13 (water overtones so obscure 
he spectrum of CoC1 2 .2H20 in this region that temperature 
dependent studies are very difficult). The behaviou on cooling 
is even more complex than Figure 6.13 would suggest since 
d 
. _1 
several weak an broad bands appear ln the 10000 - 14000 cm 
region at around 150 K, disappea ing at lower temperatures. 
This behaviour has not yet been satisfactorily explained and 
Moros i n's (1966 ) work would appear to rule out any phase 
changes. 
68.2 . 2 The Visible Region 
The results obtained in the visible region for CoC1 2 .2D20 
are summarised ln Figures 6.14 (300 K) and 6.15 (10 K). Apar 
from the confusion between a *, c *_polariations and a' ,c_ 
polarisations, three different spectra are identified, with 
one app opriate to each of the three crystal directions a', 
band c . This indicates that the magnetic dipole contributions 
to this region are negligible and the vibronic nature of the 
abso ptions is confirmed by their characteristic temperature 
dependence. 
The tetragonal contribution to the crystal field is 
reflected in the highly anisotropic absorption found for either 
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face containing the b axis but, unlike the hexahydrate, the 
absorption in the alc (xy) plane is also quite anisotropic 
(the twinning described by Narath (1965) does not seem to have 
occurred). The strongly polarised absorption in the 20000 cm- l 
region makes bc sections of CoC1 2 .2H20 crystals appear blue-
green with the electric vector Ilc and purple when lib. 
68.3 ASSIGNMENT SCHEME 
68.3.1 Molecular Axis System 
An or~hogonal axis system for the chromophore [CoC14 .2H20] 
is defined in Figure 6.12. The (a',b,c) system is particularly 
convenient as the axes coincide, in order, with (x,z,y). The 
tetragonal nature of the chromophore would reveal itself in 
isotropic absorption in the a'c plane whilst bands characteristic 
of the -COC12 - chain will be polarised parallel to at or c. 
68 0 3.2 Effec ive symmetry of the chromophore and predictions 
from the point charge model 
The gross departures from D4h symmetry found in the 
susceptibility measurements (Narath, 1965) and also indicated 
by the absorption results, make the treatment of this system in 
terms of a tetragonal crystal field model open to considerable 
doubt . The assignment will, however, proceed on these lines, 
with now the limited objective of determining the extent to 
which this model is applicable. 
Fo cobalt chloride dihydrate, the tetragonal field is 
now of the opposite sign to hat appropriate for CoC12 .6H20 
-1 (Dq > Dq ) and the point charge model p redicts Dt - -120 cm 
Z xy 
-1 4 (equation 2014) with Dq in the range 690 - 900 cm and a Eg 
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ground s ate. It is of particular interest to determine whether 
the sign of Ds is negative (from the point charge model) or 
positive ( opposite to that found for CoC1 2 . 6H20) . 
Again , crystal field calculations have been performed 
with the initial set of spin- orbit coupling and elect ron 
repulsion parameters used for the hexahydrate problem . 
68.4 THE SPIN- ALLOWED TRANSITIONS 
If the anisotropy ~n the a Vc plane is neglected, so that 
the discuss ion is in terms of D4h symmetry, the two strong, 
structured bands in the visible region, whose centroids a re 
located at - 1 - 1 . _ 16400 cm and _ 19800 cm may be ass~gned to the 
4EgC and 4A29b components of 4T19 (4p, 0h) giving IDs l _ 550 cm -
l 
This differs immediately from the work of Laws on ( 1966) who 
- 1 
assigned the 16400 cm band to a doublet state. In view of 
its intensity (Table 6 . 12) and the expectation of two strong 
bands in the visible region, this appears rather unreasonable. 
The r e is only a single, broad and weak absorption in the 
region of the spectrum in which the 48 state is expected to 19 
appear and therefore these characteristics suggest this 
assignment of the 14500 cm- l band . As four distinct transitions 
appear in the infrared region of the spectrum, the location of 
4 4 b 4 the 8 2g and Eg components of T2g (Oh) presents a severe 
problem which must be examined in some detail. 
68.4 . 1 The Infrared Region 
The complete intensity data for the infrared region of the 
dihydrate spectrum are listed ~n Table 6.10. Only the low 
temperature osc i llator st engths are quoted since the bands 
overlap at room temperature (see Figure 6.13). 
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TABLE 6.10 
OSCILLATOR STRENGTHS (xlO- 6 ) OF INFRARED BANDS 
Polarisation+ P . . :j: oSltl0n 
6150 8200/8500 12000 
a Vc//a * 1.5 2.5 
- 0 
a vc / /c* 2.5 4 . 0 _ 0 
bc //b _ 0 2.5 2.0 
bc //c 3.5 2.5 - 0 
atb//a t 4.0 3.5 _ 0 
a 'b/ /b _ 0 2.0 2.5 
+ Crystal face and direction of the electric vector 
:j:: .-1 
Franck-Condon maXlma (cm ) at 10 K 
r 
Equations (3.2) enable the 6150 cm- l band to be identified 
as a b _polarised magnetic dipole transition superimposed on a 
weaker ac _polarised vibronic band. Overlap of the 8200 and 
8500 cm- l bands makes impossible the measu r ement of their 
individual intensities and therefore Table 6.10 lists the total, 
which appears to possess both magnetic dipole and vibronic 
contributions. 
These results are reproduced, within experimental error, 
in 
-1 
the s pectra of CoC12 .2D2 0 but for the 12000 cm band, 
deuteration has the effect of broadening and weakening the 
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absorption , a result also observed but not noted by Lawson. 
This b - polarised electric dipole band also increases in 
intensity on cooling, suggesting that it may have the same 
. - 1 
or1gin as the 11500 cm band of the hexahydrate s pectrum , and 
is therefore not a d - d transition. 
The inherent difficulties of understanding the spectrum of 
this system are particularly apparent in the infrared region and 
the p roblem has prevented a rational assignment in the way that 
was possible for the hexahydrate. With negat ive Dt, the 4829 
state is expected to lie below 4E b and it was considered that g 
. -1-1 the absorpt1ons at 8200 cm ,8500 cm might be the components 
of 4E b split by the rhombic field. g 
- 1 As the 6150 cm band has 
z-polarised magnetic dipole character, consistent neither with 
4 a 4 4 a 4 A2g --+ 8 2g nor Eg ~ 8 2g in D4h , it may only be 
assigned to 4Ag ~ 4Ag i n C2h , which implies that the ground 
state in D4h symmetry is 4A2g a , a rather di sturbing result 
(assignment I , Table 6.11). Alternatively , if the z _polarised 
. . 4 a 4 b 
magnetic dipole band 1S ass1gned as Eg ---> Eg (D4h ) or 
48 ~ (48 + 48 ) (C ) as given in assignment II of Table g g g 2h 
6.11 , the g r ound state has the expected symmetry, but it is 
. . f 4 4A (C ) difficul t t o understand the Spl1 tt1ng 0 8 g ~ g 2h 
especially when 4E a ___ 4E b (D h) is not split. 
g g 4 
In a st ict sense, it is not possible to assign a value 
to Dt, but the D4h assignments of Figure 6.11 (taking the 
-l) . 2 -1 (. t I) mean of 8200 and 8500 cm glve Dt - - 50 cm ass1gnmen 
or 250 cm- l (assignment II). 
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TABLE 6.11 
ASSIGNMENT SCHEMES FOR THE INFRARED REGION 
B 
Eb B2 A r t 4T B 
2g xy xy xy B 
B2 A Eb 
B 
z xy 
z z 
B 
A a 
2 A E
a 
B 
°h D4h C2h (C2 ) D4h C2h (C2 ) 
I II 
All states a re gerade quartets. 
Th~ polarisati ons of the allowed magnetic dipole 
transitions are indicated (direction of magnetic vector). 
6B .4.2 The Visible Region 
The distribution of intensities in the visible bands of 
the spectrum, with some 80 - 90% of the total present in the 
h igher energy absorp tion region (Table 6.12), is quite 
different to that found in the hexahydrate. If the assignment s 
1 . 4 c 4 b for CoC12 .6H20 are reversed, p aC1ng Eg above A2g , the 
-1 .. large bandwidth of the 19800 cm trans1t10n may then be 
underst ood in terms of the rhombic splitting, together with 
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four Franck-Condon maxima appearing (lb) between 18700 and 20200 
-1 
cm representing the four spin-orbit components of this state. 
The situation is not quite so simple, however, as there are 
several additional weak absor ptions appearing lib. 
TABLE 6.12 
POSITIONS AND INTENSITIES OF VISIBLE BANDS IN CoC12 ,2H20 
Posi tion + Oscillator Strength 
:j: 
f 
a' fb f c 
16400 2.0 7.5 6.5 
19800 26 3.5 37 
+Centroid at 10 K (cm- l ) 
*Measured at 10 K in units of 10-6 (+ 10%), 
fa " f b , f refer to the appropriate polarisations, 
wlth data ~aken from alb and bc faces only. 
As the 4B state has not been definitely located, a 2g 
value cannot be assigned to Dq. However, some representative 
quantities may be obtained by taking one tenth of the 
separation between 14500 -1 and 8300 -1 (Dq 630 -1 cm cm = cm 
assignment I) -1 and 6150 cm -1 (Dq 835 -1 or 14500 cm = cm : 
assignment II). Crystal field calculations performed with 
-1 4 b 
these values and Os = 550, Dt = 250 cm place the Estate g 
s ome 300 _ 2000 cm- l too high in energy whilst the c ombination 
-1. 4 Dq = 630, Os = 550, Dt = -250 cm predlcts the B2g state 
_1 
at around 4000 cm The only set of parameters that even 
approached t he experimental findings was the set with 
-1 positive Os, negative Dt and Dq = 830 cm • An improved fit 
was obtained by increasing Dq and decreasing the 4p repulsion 
energy (Table 6.1'3) 
TABLE 6 . 13 
OBSERVED AND CALCULATED BAND POSITIONS (cm- l ) 
FOR CoC12 .H20 
Observed+ Polarisation Assignment Calculated :I: 
r r 
6 7 
6150 + 50 b 4B 2g 6203 6260 
8200 + 50 } 8407 8483 a', b,c 4E b 8500 + 50 g 8459 8603 
14500 + 100 a', b,c 4B 15239 15234 Ig 
16260 + 15 } 4A b 16331 16272 b 16365 + 15 2g 16538 16635 
18700 + 30 19043 
19270 + 30 4E c 
19119 19241 
a' ,c 
19650 + 30 
g 19545 20023 
20200 + 30 20142 
+Franck-Condon maxima (10 K) in appropriate 
polarisation 
:j: 
Dq = 900 , Os = 
energy = 11600 
-1 55~1 Dt = _260 cm 
cm (80% free ion), 
4 . P repulsl0n 
The calculations suggest that spin-orbit mixing in the 
4E c region is severe and therefore overlap of the spin 
g 
quartet states and the relatively intense spin doublets 
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reasonably explains the structure and large bandwidth observed . 
2 The P states are correctly predicted to lie higher in energy 
4 c 4 c 4 b than E ,rather than between E and A2 as found for g g g 
CoC12 c 6H20. However, the polarisation properties of the 
infrared bands are not, at present, fully understood. 
6B.5 THE CHARGE TRANSFER BAND 
-1 The broad band at 25300 + 50 cm appears to be completely 
at_polarised (perpendicular to the -COC12 - chain) . An 
assignment to a vibronic band conflicts wi-th the observed 
flO 
increase of intensity on cooling ( /f300 _ 2), and its 
polarisation , together with the insensitivity to deuteration , 
suggest that this transition specifically involves the chloride 
ligands. A more detailed investigation is rather unjustified 
at thi s point since, if the effective symmetry is assumed to be 
either D4h or C2h , group theory alone cannot explain the 
anisotropy in the xy plane. 
A transition with similar appearance, position and 
intensity has been observed in the spectrum of COC1 2 (Ferguson, 
1963) and its temperature dependence found (this work) to be 
very similar to that of the dihydrate band. The band in CoC12 
has been tentatively assigned to a 7T --;> d charge transfer Cl 
(Ferguson , 1963) . 
6B.6 DISCUSSION 
Cobalt chloride dihydrate has been studied because it 
provides a tetragonal cobalt (II) system in which an array of 
chloride and water ligands is disposed such that the sense of 
he "tet r agonal distortion is opposite to that found in cobalt 
chlo ide hexahydrate. However, the rhombic con tribution to 
the crystal field is far from being negligible in this case 
and may not , for instance, be simply treated as a small 
per tur bation of the D4h field. 
Under these circumstances, a set of crystal field 
parameters appropriate to C2h symmetry is required and Dq, Ds 
and Dt are , st r ictly speaking, not defined in terms of the 
observed band splittings in the way that has been described. 
The influence of the rhombic field makes assignments rather 
haza r dous and the crystal field parameters given in Table 6.13 
p r obably compensate in some irrational way for the lower 
symmet r y. To this extent, they are not comparable with the 
resul t s for CoC12 .6H20. Although the value for Dq is 
sur p ri s i ngly h i gh it is interesting to note that both Ds and 
Dt have the opposite signs to those determined from the 
hexahyd r ate s pectrum. 
Taking the tetragonal parameters at their face value 
gives K _ -2 for this system, which is much closer though of 
opposite s ign , to values usually found in the literature 
(section 6A.9). As the dihydrate bears a formal resemblance 
to the many chelate complexes of pseudo_tetragonal symmetry 
which have been studied, either in solution or as single 
crystals (for extensive references see Perumareddi, 1969; 
Ferguson , 1970a; Hush and Hobbs, 1968) it is interesting to 
speculate as to whether the value of K and the low symmetry 
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are related. This emphasises the need for a full characterisat i on 
of the ab s orptions, rather than a pair of polarised measur ement s 
on a s ing l e crys tal face, to determine the likely a dequacy of 
t he crystal f ield model. 
6B . 7 CONCLUDING REMARKS 
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Expe r ience with the cobalt fluorides has shown that la rge 
tetragonal distortions (measured by Ds and Dt values) may ar ise 
from apparently small structural departures from cubic symmetry . 
In the cas e of CoC1 2 . 6H20, the rhombic field is very small an d 
a satisfactory assignment of the spin-allowed bands has been 
possible using the model for the tetragonal crystal field . 
Although no assumptions were made, the most satisfactory 
explanat ion of the experimental data was obtained with Dt 
(pos i tive) and the ground state (4A29) as predicted from the 
point charge model. K, however , 's unambiguously assigned a 
la r ge negative value . 
For the dihydrate, the rhombic field is far from negligible 
and i t would be reasonable to dispute the term 'pseudo-
tetragonal ' in this instance. The tetragonal matrices give 
only a reasonable fit to the spectrum, with rather exceptional 
(at least for the systems studied) values of Dq, Ds and Dt 
and which are not regarded as strictly comparable with true 
D4h complexes. 
The problem of the polarisations of the vibronic bands 
remains to be dealt with in the next chapter. 
CHAPTER 7 
COBALT (II) SPECTRA AND THE VIBRONIC MECHANISM 
This chapter presents a discussion of the vibronic 
interaction mechanism, a model devised to account for the 
non-zero intensities of d-d transitions, and critically 
examines the extension of its application from cubic to 
non-cubic complexes. The complete polarisation and intensity 
data now available for a series of cubic and tetragonal 
cobalt (II) systems provide a seve e test of the model and 
reveal certain qualitative lnadequacies . 
196 
197 
7.1 INTRODUCTION 
This chapter is concerned solely with centrosymmetric 
. 
systems and electric dipole transiLions between states which 
may be described by essentially d n configurations. The discussion 
will also be restricted to spin _allowed transitions as the 
intensity mechanisms for s pin - forbidden transitions all involve 
various extensions of the basic model ( an excellent survey has 
been published by Lohr, 1972). 
Section 2.5.2 showed Lhat the electric dipole transition 
moment between two d n electronic states is parity forbidden. 
Van Vleck (1937) was Lhe firs to propose thaL non - zero 
intensities arose by interaction of odd pariLY vibrational 
modes of the complex with the electronic wavefuncLions, allowed 
transitions occurring between vibronlc states and giving rise 
to the characteristic tempe ature dependence of the intensity 
(section 2.5.3). In this way the for idden (vi ronic) band is 
said to 'steal' lntensity from a parity allowed transition with 
the agency of an odd parity vibration. Apar from the ungerade 
character of the excited states referred LO as the odd parlty 
states) the nature of the parity allowed t ansiLions is not 
well understood , since, in particular , they do not enter 
crystal field energy level calculations for these systems. 
Herzberg and Teller (1933) , by treating the nuclear 
motion as a perturbation of Lhe electronic Schrodinger wave 
equation and u sing as zero'th 0 der wavefuncLions Lhose 
describing the equilib lum nuclear configuration in the ground 
state, were able to delinea~e the mechanlcal and symmetry 
principles gove ning the appearance of vib onlC bands, These 
were briefly discussed in section 2.5.2, where an expression 
was given for the transition moment between the even parity 
(dn ) states la) and I b). 
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(2 .22) 
The first s ummation describes the intensity stolen from the 
parity allowed transitions I aO) ---pliO) through a vibrational 
perturbation (H9(Q)) of the excited state I bO). The second 
term, in which the vibrational perturba ion acts on the ground 
state, will not be important for intensities at the lowest 
temperatures al though it will contlibute to the Vhot' bands 
(Holmes and McClure, 1957) . By res rictlng the dlscussion to 
low temperature intensity data « 30 K), only the first term 
of (2.22) need be considered. As no confusion will arise, the 
zero superscripts (denoting vibratlonless electronic states) 
will be omitted in the remainder of T.he chapter. 
Although equation (2.22) has provided the basis for many 
quantitative and semi_quantitative calculatlons on cubic 
systems (Liehr and Ballhausen, 1957; Englman, 1960; Koide 
and Pryce, 1959 ; Chakravarty, 1970 no comparable calculations 
have been performed fo non - cubic c mpounds. If this model 
has a s ound basi s (regardless of possi Ie quantlt a tive 
limitations) its appl ication to non - cubic systems, with 
appropriate modifications, should provide some understanding 
of the polarisat ion behaviour of vibronic bands, which are 
often not adequate ly explained ln terms of vibronic selection 
-
199 
rules (Dingle, 1967, 1968; Ferguson, 1961; Dingle and Palmer, 
1966) . 
Two reports have appeared in which qualitative studies of 
band polarisations were made (Belford a nd Carmichael, 1967 ; 
Dubicki and Day , 1971) but in both cases the problems of the 
band assignments and polarisation behaviour were approached 
simultaneously, with a satisfactory analys1s regarded as one 
which provided a rational explanation of both. In this work, 
it has proved possible to make assignments of the s p i n -all owed 
vibronic transitions fo a se ies of tetragonal c obal t (II) 
systems fr om the band energies only, enabling the intens ity 
problem to be tackled from a secure foundation. 
7.2 SYMMETRY REQU IREMENTS 
The transition momen t in equation (2.22 ) lS different from 
zero only if certain g roup t heo etical criter1a a re met , as 
discussed by Belford and Belford 1965). If the r epresentations 
of the vibrationless electronic stai.es la) , I > and Ii) are 
labelled fa' fb , [ whilst 1 he electric dipole operator eR 
and the vibrational pe turbation operator have re p r esentat i ons 
f
R
, fQ respectively, the integ al <ale~ Ii) is non - zero only if 
f x f x f. contains the totally symmetr1c representati on , 
a R 1 
and likewi se ( iIHV(Q)lb) is non - ze 0 only 1f fi x f Q x f b 
meets the same criterion . These ules make it possible to 
construct, for any transit ion s I a) ---?I b), sets of symmetry 
c ompatible f R , fQ' f . for a given pola is a tion of the electric 1 
vector. Specific examples will be descri e d In later sections. 
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7.3 OPERATORS 
The simp lest description of the electronlc states of a 
transition metal complex in which configurations other than those 
of d n may be readily incorporated is a single configuration one-
electron MO formalism in which the d orbitals are given their 
symmetry adapted (strong field) designations. 
Wi thin this framework, the electrlc dipole transition 
moment operator, eR = Ler , is the one electron operator er. 
- J -J -J 
summed over the j elect rons, and hence has ze 0 matrix elements 
between states whose MO configurations differ by more than one 
electron a ssignment. Thus, if the ground state of cubic 
cobalt (II) is represented by the single Slate determinant 
\ (u)2(t2 )5(e )2\ where u is any low lying (filled) ungerade g g 
MO, the operator eR may possess non-zero ma~ ix elements 
between this state and I (u)(t2 )6(e )2 I but no~ g g 
(occupation numbe rs of all other MOts remainlng unchanged). 
The vibrational perturbation operator HV(Q) is taken as 
all terms of order Q in the expansion of he COLrect electronic 
Hamiltonian H in powers of the normal coordinates about the 
equilibrium nuclear configuration, that is 
(7.1) 
where the summation is carried out over the various normal modes 
labelled by q. 
Since the only te ms in the Hamiltonian dependent on the 
nuclear coordinates a re eithe zero elect on (nuc lear nuclear 
repulsions) or one elect ron electron-nuclear attractions), 
H'(Q) is als o a one electron ope atm. 
.. 
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7.4 APPLICATION OF THE MODEL TO CUBIC COBALT (II) 
The above criteria form the basis of the lntensity model 
for cubic systems descrl ed by Fenske 1967 WhlCh is c onveniently 
illu strated by its applica~ion 0 CUblC cobal~ (11)0 The d - d 
states are desc ribed in terms of the single determlnantal 
functions as follows 
4T19 (F) I (u) 2 t )5 e )2 I 2g 9 ground state) 
4A I (u) 2 3 41 t2 ) (e ) 2 g 9 9 
4T l( u )2( 2 4 e )3 I 
2g 9 9 
4T19 (P) I u)2(t2 )4 e )3 9 9 
Since both eR and H V Q) are one electron opera ors the 
configurations of the odd pa 1 y sates Ii) may not dlffer from 
either la) or Ib) by more han one electron asslgnment o 
4 4 Therefore, for the tranSl lon 1 19 F) ---> Tig P), the states 
Ii) must have one of the configura lons 
I u ) t2 ) 5 e ) 3 I 
9 9 
I 2 4 2 ( u ) (t.2 ) e) u!) I 9 9 
u ~>e 
9 
t: -->uv 2g 
where the appropriate one - elect on promot:lon is glven and ( u ) 
and (u l ) denote any unge ade MO espec~ively lower 0 h igher 
in energy than the essen t.ially d cha acter MOtso S~ates 
arising from u ----.;> t 2 g or e g -> u v p romo ion» may be 
neglected as they do not con~ri ute to the int:enslty. The 
nature of the odd parlty states I l~ and 112 oth of which 
represent all possible u ~ e , t2 --> u V) lS not in question 
9 9 
at present , but IiI) may appIoximate to 11gand t metal charge 
transfers while li
2
) aLe either me tal 0 llgand charge 
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transfers or essentially metal d ~ P (or even d --+ f) 
transitions. 
For the 4T ~4A transltion, however , it is not 19 2g 
possible to construct any states I i) which meet the necessary 
criteria and therefore , from thlS simple model , the lntenslty 
wi ll be zero . The small ln ensitles experimentally observed 
( -6" ) " _10 ln KCoF3 may be qualltatlvely unde stood as arlsing 
from 'second orde r v effec s , amongst WhlCh configurational 
interaction between 4T19 F) and 4T19 ( P ) provides an immediate 
possibility , the magnitude of WhlCh ( - 5% from he Tanabe ~Sugano 
matrices) accounts reasonably well for the r elatlve 
(4A2g:4T19(P)) intensities. 
A 4 h MO f " " 4 P) s T29 a s the same con 19U aTl n as I lg , the 
discussion given above s hould apply ln the same way. 
Experimentally, however, the vlbronlc lntensltles of 
4 4 4 T19( F) ----> T19(P) are 5 10 imes g r eater than Tlg(F) ~ 
4T (section 4.5) and as rhls appea s TO be equally rue for 
2g 
cubic and pseudo- cubic systems Table 4.4 ) a dlScussion in 
te ms of 0h symmetry would appea ' 0 be generally valid. 
In 0h' the electric vee-to t an f o rms as 1 1u and the 
ungerade normal modes of the unit cell transform as elther 
or .,. The odd parity states are restrlcied by symmetry; 
'flu '2u' 
section 7. 2 ) to the following -
4T19 (F) ~ 4T 2g 
T" mode (E , Tlu ' T2u ) T mode Alu ' E u' 1'lu ' 
T2u ) lu u 2u 
4T19 (F) ~ 4T (P) · 19 
'f lu mode (A lu ' E Tlu ' I 2u ) T2u m de 
E 
u ' 11u ' 1'2) u ' 
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None of these alternatlves for the odd pa ity state{s) 
is excluded by restrictions to configurat~ons of the type I i l ) 
although the contrlbution from each to the total 
intensity is weighted by an approp ia e energy denominator, so 
that those of lowest energy may ind~vidually be the most 
important, the summat~on over all the odd paLity sates cannot, 
in principle, be truncated after the flrst term or terms. 
) n - l Krupke (1966 found that 4f g configurat~ons contribu ed more 
to the intensities of f-f t ans~ ions ln cer ain rare-earth 
f n-l d . f systems than 4 5 conflguratlons, 0 ten lower ln energy by 
5 -1 4 
_10 cm • Because Tlg P) ~s closer ln energy to all the odd 
4 4 parity states (by the 1 2g - 11g{P) separatlon , the energy 
4 denominators will be more favourable .. han for 1 2g • However, 
this can be of minor impor ance only, SInce an upper llmit to 
the ratio of the energy denomlna .. o s may e 0 talned by taking 
the position of the UV a sorptlon edge as that of the slngle 
odd parity state from WhlCh lntenslty is stolen. This ratio , 
(_E_i_-_E_T..::2~9)' is a pp Ei - ET 
19 CoSiF6 .6H20 
ximately 2 for C C1 2 , dropping to 1.3 for 
Table 4.4) and therefore can only 
be of secondary importance ln determinlng he 4 2g 4T19 (P) 
intensity ratio. 
It is posslble to consider the relatIve magnl udes of the 
vibrational pertu batlon matr~x elements for modes of different 
symmetries. Alb echt (1960) re_stated the f rm f the vib ational 
pe turbation in terms of a local Carteslan ~et of coordinates, 
.,. \~~) \a~) 
where r is the electron-nuclear vector, wh se dIrection cosines 
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are (~l etc. and the factors (;~l, \ ~) , (~~l are the elements 
of a matrix transforming the normal coordinates 0 the Cartesian 
set. Equation (7.2) must be summed over each nucleus and each 
normal coordinate, q. It demonstrates qual~tat~vely that the 
most important perturbing modes (other factors be~ng equal) will 
be those that involve large ox, oy, oz for a g~ven oQ, that is, 
the 'stretching' rather than bend~ng or torsional modes. This 
might, therefore , r educe he ~mpo tance of ,he T 2u mode , which 
involves only deformations in a plane of l~gands , the most 
'effective' perturbation being the Tlu ~n wh~ch the central 
(Co) atom moves relative to the l~gand shell Herzberg, 1966; 
p. 122). Experimentally, howe er, the situa ~ n is unclear, 
since although the structure in the 3A29 ~ l T29 band of 
(cubic) KNiF3 has been satisfacto ~ly analysed in te ms of three 
T
lu 
modes and one T2u (Fe guson et al. , 1964; Fe guson and 
Guggenheim, 1966) it has p oved poss~ble to ass~gn the MCD of 
cubic Mg(Ni)O (Bird et al., 1972) and cub~c [N~(H20)6](Br03)2 
(Harding et al., 1971) solely in erms of a perturb~ng mode of 
Tlu symmetry. 
Conceivably, if the 1 perturbat10n 1S most effect~ve, lu 
4 4 the Tlg(F) ~ Tlg P) w~ll be more intense because of the 
contJibutions from Alu states, wh~ch cannot provide intensity 
4 4 for T19(F) ---> T2g • It may als occur that the matrix 
elements (i \TIu\T
19 
P) are ~nherently larger han (1!TIU [T29 ) 
(representing Ht(Q) by the symmet ry of Q). 
Such qualitative arguments can be ca r~ed no further and, 
in fact, the assumption of a pred m1nant llu pe turbing mode 
II for Mg(M )0 systems may not generally be val~d, as a recent 
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r eport of MCD studies of Mg(Co·O demonstrated striking 
differences with respect to Mg Ni)O which could no be understood 
(Mann and Stephens , 1973) even though 1:he behav1.our (intens1.ties) 
of the spin allowed bands are so s1.milar 1.n both systems. 
The nature of the odd parity states IiI) and 11. 2) has 
not been consider ed , yet although none of he preceeding 
discussion has 1.ndicated the relative importance of either 
charge transfer or d ~ P transitions, quant1.tat1.ve 
calculations of vibronic intensit1es have always excluded one 
or other. For instance, L1.ehr and Ballhausen (1957) and 
Chakravarty (1970) include only d --;> P 51 ate5 wh1.1st Englman 
1960) considers only charge transfer states. The Justification 
for either approach is not clear. 
7.5 APPLICATION OF FENSKEvS MODEL TO NON~CUBIC SYSTEMS 
Before desc r1.bing he results 0 a1.ned for eTragonal 
cobalt (II) complexes , t he model w111 be 1.11ustrated by 
reference to the two eports WhICh have already appeared i n t he 
literature. 
Belford and Carmichael (1967) reported the single crystal 
spectra of bis (3_phenyl -2, 4 pentaned10naTo) copper (II) and 
analysed the results in terms of a D2h model. 
degeneracy is completely 11.fted , w1.th t he order 
The d orb1tal 
d ( b ) d ( b ) < d 2 2 a ) < d 2 (a ) < dxy ( bIg) • yz 3g' xz 2g x _y 9 z 9 
2 2 
Considering, as an example , the BIg ~ B2g Y polar1.sed ) 
transition, for wh1.ch t he appr op riate MO configura 1.ons a r e , 
2 2 2 222 2 2 (u) (yz) (xz) (x - y (z) xy) 9 ound state 
2 2 222 222 (u) (yz) (xz)(x - y) z) (xy) 
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the available odd par~ty states mus"t aga1.n be one of two types, 
u~d 
xy 
d ~ut 
xz 
where the bar over the s~ngly occup1.ed orbit:al denotes negative 
electron spin and 1.ts absence , pos1 tlve spIn. Belford and 
Carmichael neglected contribut1.ons from 11. 2) and proposed that 
the most importan"t IiI) 1S rep esented by a b 3u °H 0) ~ 
2 2 
bIg (d
xy ) p romotion ( B3u exc1.ted s"tate giv1.ng "the observed 
y_polarisation. 
Dubicki and Day (1971) inves"t1.gated the 4819 ~ 4E (4T ) 9 2g 
transition in the spectrum of "the pseudo-tet:Tagonal systems 
III [l trans- [Cr (en)2X2JCI04 , X = Cl,Br and tran::.~ C'r(en 2 H20)z-! Cl.H20 
for which the configur ations of 1nter e "t a r e 
2 I (u ) ( xy )( xz )( y z) I 
2 2 I (u) (xz) (yz) (z ) I 
222 I ( u ) ( xz ) ( yz )( x - y ) I 
S . 4 1nce the E 
9 
state is a 11near combinatlon 
ground sate 
f two determinantal 
functi ons, the e are two l.ypes of odd par l"ty state for each, 
with li2) common to both. 
'2 (u)(xy)(xz )( yz)(z ) 
I (u)2(xy) (yz) u') I 
~2 
I (u) (xy) (xz ) (y z ) (x - y 
u~d 2 
z 
d --?u v yz 
u~d 2 2 
x - y 
Dubicki and Day ignore all 112). TheIr failure to consider the 
4 B ___ ~4A b transition h1des a serious inadequacy of this 
19 2g 
simple mode l. The 4A b state has the determ1nantal form 2g 
2 222 
I (u ) (xy) (z ) (x - y ) I 
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and it is merely a matter of inspection to reveal ~hat there 
are no states Ii) which differ from both 4A29b and 4 B19 by a 
one - electron promotion . Thus if the arguments applied to cubic 
systems are appropriate, this transi~ion may not have zero 
intensity but will be weak. If the assignmen~s of Dubick1 and 
Day are correct, however, this ~ransition 1S at least as intense 
a s 
7.6 TETRAGONAL COBALT (II) SYSTEMS 
• Intensity data for the cobalt ( II) systems studied in this 
work are summarised in Ta les 7.1 and 7.2. The first table lists 
the basic polarisation info mation fo ~he vi ronic contribution 
to each spin-allowed transltion , uS1ng D4h symme~ry labels 
through out. The polar1sa~ions of the electric ec~or, z or xy, 
refer to the axi s system appropriat.e to each chr omopho e, whils 
t he transitions labelled 'weak ' are either of low 1ntens1ty 
(f lO - 10-6 ) in all pol a isations or are confused by magnetic 
dipole contributions to the to al 1ntensi~y. 
Table 7. 2 P ovi des q antitat1ve 1nformation for the 
4
T19
(4p , 0h) region a t around 10 K. F r the Cll 1C and pseudo-
cubic systems, the integrated intensity over all space ( glven by 
3f
lO 
from Table 4.4) is quoted. For CoC1 2 .6H2 0 and CoC1 2 ·2H20, 
where 4E c and 4A b a e well separated , Table 7.2 gives the 
9 2g 
intensity ove r all d irections for the two absorp~ion regions, 
TABLE 7.1 
POLARISATIONS (QUALITATIVE) OF SPIN_ALLOWED VIBRONIC BANDS 
I N TETRAGONAL COBALT (I I ) CRYSTALS 
CoC12 ·6H2O 
CoC12 ·2H2O 
°h FREE.. ION excited excited 
state 
pol. state pol. 
4p { A b z { EC xy» >z Tl 2 EC A b xy_z 2 z>xy 
A2 Bl weak Bl weak 
4F { B2 z » xy 12 Eb weak 
{ Ea { A: 11 A a Ea 
2 
All states are gerade quartets 
K2COF4 , 
excited 
state 
{ EC A b 
2 
Bl 
{ B2 Eb 
{ A a 2 Ea 
Rb2CoF4 
pol. 
xy » z 
z » xy 
weak 
weak 
weak 
tv 
o 
CO 
[CoC1 6 J = 
excited 
state 
Tl(P) 
CoC1 2 
TABLE 7.2 
OSCILLATOR STRENGTHS (xlO-6 ) OF THE 4T19 (P) REGION IN CUBIC 
AND TETRAGONAL COBALT (II) SYSTEMS 
[COC14 · 2H2OJ [ COC1 2 . 4H20 J [CO(H20) 61 
= CoC1 2 ·2H2 O = CoC12 · 6H2O = CoSiF 6 .6H2O 
i n t e nsity excited intensity 
excited i ntensity excited intensity 
state state state 
93 
EC 67 A b 22 2 T1 (P) 87 A b 16 EC 51 2 
[ CoF 6 1 = KCoF 3 [CoF 6] = K2CoF 4 [ COFJ = Rb2CoF4 
excl.1:ed 
s1:ate 
Tl (P) 
intensi1:y 
51 
excl.ted l.ntensity exci1:ed intensi1:Y 
s1:ate sta1:e 
EC 44 EC 48 
A b 13 A ~ 13 2 2 
All S1:ates are gerade quar1:ets 
All intensities + 10% 
tv 
o 
\0 
while for K2CoF4 and Rb2CoF4 , ~he 4EgC intenslty is given by 
f + f and 4A b by f
n
• 
a a 2g 
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These tables reveal oth a pat ern and an anomaly. The most 
strongly polarised bands are either 4A a ~ 4A 2g 2g z_polarised) 
4a 4 c. 4 b 
or Eg ---~ Eg (xy _polarlsed) and all he transitions to A2g 
appear more intens e for z _polar1sed light. 
4 a For t he A2g 
4A29b transition in CoC12 .6H20, the ex remely hlgh dichroic 
ratio ( >40:1) suggests that some rigorous selec lon rule is 
operative, with the situatlon somewhat less st lklng for ~he 
4a 4c .. (. Eg ----> Eg translt10n ln CoC12 02H20 d1chrolc rat10 - 10 · 1). 
For the tetragonal fluorides, the dich OlC ratlos lncrease with 
t he magnitude of the tetragonal f1eld, That is, K2CoF 4 < Rb2Mg Co)F4 
< Rb
2
CoF
4
• With the orb1 al charac er of the ground state largely 
unchanged through this series (sectlon 5.7.2.2) , the obse vations 
reflect the increasing or ital character of the exclted states 
as the tetragonal splitt1ng increases wlth respec to t he spin-
orbit coupling. It is not un easonable to suppose ·hat s~ill 
larger tetragonal fields mlgh glve dlchrolc ratios as hlgh as 
The anomalous and 1S The strongly polarlsed 4A a ---> 43 2g 2g 
in CoC1
2 0
6H20 , which is The only strong absorp tion (flO -
12.5xlO-6 ) in this r egion of The spec urn f r any of the cobalt 
(II) systems. 
7.6 . 1 Symmetry Requiremen .s 
Following section 7.2 , he D4h vibLonlc selection rules 
may be extended to i dentify the symmetry of the odd parity 
state (s) for each combi nation of polarisation and perturbing 
vibration, and Table 7.3 lists t h lS information for t he 
alternative (A2 or E) ground states of tetrag nal cobalt (I I). 
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Compari s ons with Table 7.1 lmmediately rule ou~ the involvement 
( i n gene r al) of single perturb i ng modes or odd parity states for 
any of the s pectra. 
The table shows that both transitions ln the vlslble reglon 
of the tetragonal c obalt fluorides (4E a __ » 4E c 
9 9 
4A b) . 2g arlse 
b y a mechanism i n which the £u vibration appears ~o be more 
' e ffective' than either a 2u or 
4 a 
a les s er degree , f or t he A2g 
S2u' his also applying, but to 
4E c 
----0> , 
9 
4A b Trans1tlons 1n 2g 
K2Mg(CO)F 4' confirmi n g th a t the structural and electronic 
p r operties wh ich give rise ~o the vibronic interactions are the 
s ame f or all thes e syste ms. 
The 4A2ga ~ 4 EgC band in CoC12 .6H20 appears ln all 
polarisations , wi th a diffe ent perLur ing vibratlon for the xy 
and z polarised c omponents, this belng reflecTed exper1mentally 
by different t e mperature dependences. The in~egraLed lntensities 
c ould be appr oximately fi~ted to an expresslon of The coth law 
_1 
f orm (equation 2.23) and gave hv _200 cm 30 ~ 170 K for the 
_1 ) 
z polari s ed compone n t and hV -350 cm (10 - 300 K for the xy 
polarised component . If t h e 1 wer frequency 15 associa~ed (but 
not identified) wi th a 2u and/or S2u perturblng modes, this would 
4 a 4 b 
be r easonably c onsis t e n t wi th ~he z polar1sed A2g ----.;> A2g 
b and , whos e intensity a rises from an a2u pertulba~lon and which 
- 1 
f ollows a cot h r elations h i p with hv -250 cm 
TABLE 7.3 
VIBRONIC SELECTION RULES FOR TETRAGONAL COBALT (II) 
TRANSITION 
E ~E 
~B2 
~Bl 
---? A2 
odd 
par ity 
state 
E 
u 
E 
u 
Blu 
B2u 
Alu 
pol. 
xy 
z 
z 
xy 
xy 
xy 
PERTURBING VIBRATION 
(32u 
odd 
parity 
state 
E 
u 
E 
u 
B l~ 
B2u 
All! 
pol. 
xy 
z 
z 
xy 
xy 
Y 
7.6.2 The Odd ,Parity States 
odd 
parlty 
state 
Alu 
E 
u 
E 
u 
E 
u 
EU 
r"U A2u Blu B2u 
E 
u 
E 
U 
E 
U 
The exact D4h systems , K2CoF4 and Rb2CoF4 , requl e 
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pol o 
z 
xy 
xy 
xy 
xy 
z 
z 
z 
4 a 4 b 4 
consideration of five spin_allowed transl~lons , Eg --? Eg , B2g , 
4B 4A b 4E c which have ~he fo1low1ng de~ermlnan~a1 
19' 2g' g' 
functi ons (energies of the d orbl tals are d < d d < xy xz ) yz 
d22<d2). 
x _y z 
1 
2 2 () 2 (2 2)- z2) 1 ( u ) ( xy ) ( xz) yz x - y 
1 
2 2 2 ( ) (2 2) z2) 1 ( u ) (xy ) (xz ) yz x - Y 
ground state 
2 2 2 2 2 21 1 (u ) (xy ) (xz ) ( yz) (x - y ) (z ) 
2 2 2 2 2 2 
4E b { I ( u ) ( xy) ( xz) ( yz) ( x -Y ) { z ) j 2 . 2 2 22 21 g I ( u) xy) ( xz) ( yz) ( x -Y ) ( z ) 
4B 2 2 22 2 2 I ( u) ( x y) xz ) ( yz) ( x -Y ) ( z ) I lg 
4A 
2g 
b 2 2 2 22 2 I ( u) ( x y ) ( xz) ( y z) x - Y ) ( z ) I 
2 2 2 2 2 2 I 
4E c { I ( u ) ( x y ) x z ) ( y_z ) ( x - y ) ( z ) 2 - 2 2 2 2 21 g I ( u) ( xy ) ( xz ) ( yz ) ( x -Y ) ( z ) 
With this descrip tion , howe ver, the d=d transitions 
immediately fall into t wo cat egorie s, since £or 4 E a __,,__> 4 B1 g g 
no odd parity states c an b e constructed with the required MO 
configurations, al t h ough t h i s is p ossible for he remaining 
transitions., F C Cl 6H O h d h 4A a or o 2 9 2 , t e g roun sta~e as 2 g 
symmetry and although t he o rder of he d orbital energies is 
different, this does n o t i nfluence the discussion, so the 
determinantal wavef unc tion is r epresen ed by 
2 2 2 2 2 2 j ( u ) ( xy ) ( xz ) yz ) ( x = y ) ( z ) I 
d h · 1 f . h 4A a 4 b 4E c . . an in t is case on y or "t e 2 ~ E , . transi ions g g g 
can states ji) be cons tructed , t here being none possible £or 
4A a ~> 4 B 4 B 4A b Again, these conclusions do no . 2g 2g' lg ' 2g 0 
seem to be readily corre l a ted with o served intensities 7 the 
4 a 4 b 4 A2g ~> A2g, B2 g b ands (CoC1 2 Q6H2o , seeming particularly 
anomalous since they appear to be much mo·re intense than 
expected from a sec ond or de p rocessa 
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Neglecting thes e an omalies, for the presen~ , the 
implications of the mo del may be f rther es ed by pursuing the 
examples provided by t h e 4Ega ~ 4 Egc j 4A
29
b .ransitions in 
K2 CoF4 • Polarisat i on b ehaviour for .he fluorides is similar 
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to that for CoC1 2 .2H20, suggesting that it may be valid to 
approximately describe charge transfer states a s belng localised 
on the CoF6 chromoph ore. The configurations f the odd pari~y 
states are as f ollows (additional conflguratlons appear th ough 
the d , d degeneracy but are not listed as t he discus s Ion 
xz yz 
is unaffected). 
4E a 
g 
I i l ) 
I i2) 
4E a 
g 
I i3) 
I i4) 
I is) 
4A b .. 
--? 2g tranSl tlon : 
(u)( xy)2(xz)(yz)2(x2 _y2)2(z2) 
(u)2(xy)2(xz) (yz) (x2 _y2) (z2) (~') 
4E c .. ~ transltlon : g 
(u)(Xy) 2(xz)(yz)2(x2_y2)2(z2) 
(u)(xy) 2(xz)(yz)2(x2 y2)(z2)2 
(u)2(XY) (xz) (yz)2(x2 _y2) (z2) (~~)I 
u ~d 2 2 
x - y 
d ~U~ yz 
u--l> d22 
x -y 
u - > d 2 
z 
d --:>u ~ 
xy 
It is convenient to choose an aXIS system at the metal 
atom (see below) such that the axes pass through the ligand 
posi tions and the d orbital labels have ~helr usual meanlngs. 
The atomic orbital basis set is taken as the metal 3d, 4s, 4p 
and the fluoride 2p (the cr bonding p deflnlng ~he z axis at 
each ligand with TI bonding p orbi~als formlng a rIght handed 
cartesian set) and with the fluorIde positlons labelled 1,2 
(axial) and 3,4,5,6 (equatorial). Linear comblnatlons of these 
atomic orbitals transforming as the represen~atlons of the D4h 
group give the MO' s listed i n Table 7.4. A partial and 
qualitative MO scheme, givi ng just the largely d character MOvs 
and the (filled) ungerade ligand MO 's , is also shown in 
Table 7.4. 
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y 
It is p roposed ~hat the most 1mpor an~ odd parIty sta~es 
will be those for which ~here is he greatest charge cloud 
overlap of the MOts lnvolved 1n the ne-elec ron p omO~l n. 
Lherefore , Slnce the lobes f he d d d characteI MOvS xy ' yz ' xz 
project between he ligands , all verlaps w1ll be of the IT t.ype 
and rather small, hence contr1 u.1 ns 
p ovided by sta1:es of The type li2) and 
ransi hon, [1 1) For the 4E a ---"> 4A g 2g 
o the 1ntens1t1es 
[15) may be neglected. 
15 taken as the 
configu at10ns of lowest energy involving 0 overlap , glv1ng tw 
pos51ble Slater determ1nan~al functl n5. 
Since the overlap of a 2u 
a
2u 
~ d 2 2 
x - y 
e ~d 2 2 
u x -y 
o ) w1th d 2 2 can obviously 
ax x - y 
be neglected in comparison o e (0 and d 2 2, the most u eq x -y 
important odd parity state w1Il have A1u symmetry glving xy 
Symme1:ry 
Label 
a ig 
a 2g 
bIg 
b 2g 
{ e 9 
a 2u 
b 2u 
{ e u 
TABLE 7 Q4 
LINEAR COMBINATIONS OF ATOMIC ORBITALS FOR D4h CoF 6 
plus QUALITATIVE MO SCHEME 
Axial Fluorides Equatorial Fluor1des 
Metal 
° bond1ng 1T bond1ng ° bonding 1T bonding 
1 .-, 1. ) 
s,d 2 72( °1 + °2 ) - "2l °3""'04~05,j. °6 ~ z 
1 
- -
~ 
-
-( 1T _ IT + 1T ~1T ) 2 3x 4y 5y 6y 
1 
d 2 2 ~ ~ 2( °3- °4+ ~-06) ~ 
x -y 
d 
1 
~ ~ ~ 2(1T 3x +1T 4x + TS y +1T 6y) xy 
d 
1 
xz' 
~ 12 ( 1Tlx"'" 1T2y ) - -
d 
I . 
12x) ~ 12(1T 1y ~ -yz 
pz 1 ( . 12 ° 1~02) ~ ~ l(1T ~ 1T _ 1T +IT ) 2 3y 4y 5x 6x 
1 
- - - -
-(1T + 1T -·15 -1T ) 2 3y 4y x 6x 
1 1 + 
Px /2 ( 1T Ix - 1T2y) - 12 ( °4 ~ °6 ) /2(1T 3x-1TSY) 
1 n( °3- °5) 1 P y /2 (1T ly ~ 72x) - 12(1T 4x- 1T6Y) 
a 1g 
bIg 
e g 
b 2g 
b 2u 
e 
u 
a 2u 
d 2 
z 
d 2 2 
x -y 
d XZ,yz 
d 
xy 
1T 
eq 
° 1T 1T 
eq' eq ' ax 
° ax' 1Teq 
N 
r-' 
Q\ 
polarisation. 
4 a 4 c . For the E ---7> E trans1 t10n the arguments 
9 9 
are simila' , with E: -> d 2 2 pr ov.l.d1ng the most important 
u x ~y 
This transition w111 therefore be unpolar1sed o 
4 
a Estate) 0 
u 
This detailed 111ustra .l.on has theref re shown that even 
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when the f.l.rst stages of Fenske's model appear to be sat.l.sfactory, 
when pursued to a conclus.l.on, quaIl at.l.vely .l.ncorrect result 
are predicted (4E a ~ 4A b 1S Z p ol a r1s ed , 4E a ~ 4E c 
9 2g 9 9 
xy polar1 sed) • 
7.6.3 A Re _examination of Pos ulates 
The examples given 1n the preceed1ng sec ions have 
1S 
demonstrated that there appears to be a breakdown of Fenske~s 
model 1n cer a1n c.l.rcumstances, that is, for some transit10ns 
no odd par1ty sta es 11) can be consttuc~ed, although these are 
not necessarily the weakest bands. The na rure of the odd pa1:1 y 
states has been d.l.scussed 1n only one .l.nstance so he converse 
si tuat10n, whe e a low .l.ntenSl ty transi tion 1S found even when 
sat1sfactory odd par Ity c nfl.gor·a .10ns are ava11able may s"Ull , 
1n p inc1ple, be accomm da ted WI .h in the modE> 1. The 
approxima t10ns and s1mp11f1catlon- made can accoun fOL the 
appearance of all r anS.l.t10ns .hr ugh e1.the the St a.l.ghtf rward 
mechanism descr .l.bed above T s me h.l.ghe order proce3s. 
Inter_configurational mlx1ng 1.S very .l.mportant fOl all the 
examples described and , fo .l.ns ance , w.l.ll contr.l.bute a non - zero 
4 a 4 intensi ty to the A
2g 
---;. BIg tranSl t10n CoC1 2 .6H20) V.l.a 
mix1ng of the ground sta e with 4A b - 5% from Petuma1:edd1 v s 2g 
4 a 4 
mat rices, 1967). However, h1s would 1mply that A2g - BIg 
() 4A a .... 4A b be pola ised in the same d1 ect1.on z as 2g ~ 2g 
21B 
although it 1S observed in all polarisations . Although 
4A a ~ 4B is z pol a ised, its intens1 ty (-50% of 4A2ga ~ 2g 2g 
4A b) . 2g 1S too hlgh to be accounted for in the same way. 
Taking the v~brational perturba ion to second order 
provides non-zero ma rlX elemen s between configurations 
differing by two electron ass1gnments. However, in th1S case, 
two perturb i ng lbratlons are lnvolved, one gerade and one 
ungerade and a slgnificant amount of experlmental evidence is 
available to refute this hypothes is (D1ngle and Ballhausen, 
1967; Ferguson et al., 1964; Fe guson and Guggenheim, 1966). 
The mos"t striking conclusion "to be drawn from Table 7.2 
is that the intensities of 4T19 (F) ~4T19 P) in the CUb1C 
systems are me ely redistr1buted am ngs "the two component 
transitions 1n the complexes of lower symmet Yo This is as "true 
for the fluo ides , where symmetrles are exactly 0h or D4h as 
i"t 1S for the chlo lde and hyd ate systems ) whe e he rue 
symmetries are "t igonal or low r. Chang1ng he symmetry of 
Co H20)6 from trigonal (CoS1F 6 .6H20) 
octahedral (aqueous 
CoS0
4
) appears al 0 to have negllg~ Ie e feet on he in enSl y 
of the 4
TI9 (P) and (the espee 1 e room emperature oscl1lator 
st engths are -lBO 10-6 and -240xlO 6). Unlike t:he prediction 
from Fenskevs model , there appears to be no major difference of 
behaviour between 4A a 
4 b the hand , and 
2g --? A2g 
on one 
4E a 4A b 4E c the other. There is no eOI'relaT10n 
--3> , on 9 2g 9 
between the intensities and he pOS1 tions of the f1 st charge 
transfer state (the UV absorptl on edge) as suggested by 
Englman (1960). ThlS moves to h1ghe.c energy 1n the 0 der 
I -1) CoC1
2 
(20000 cm ) < CoC1 2 .2H20 (35000 cm < 
- 1 (-1) 43000 em ) < CoSiF 6 . 6H20 52000 em • 
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A second observation is that the detailed properties of the 
phonons in these materials do not appear to be of very great 
significance. Thus , whatever their nature, the ionic c ystals 
(KCoF
3
, K
2
CoF
4
) would be expected to show major differences in 
behaviour compared with essentially 'molecular' systems 
7 .7 CONCLUD ING REMARKS 
The investigations described in this chapter have produced 
both pos itlve and negative conclusions. To the extent that it 
has not proved possible to account qualltatlvely for the 
intensities and polarlsations of the vibronic bands in this 
series of cobalt II) sys~ems , the esults are negatlve. It 
has, however, evealed certain su prising deficiencles in 
generally accepted aspects of Vl ronlC heo y for t ansltl on 
metal ions and suggest that a s ringent e_examlnatlon of the 
theory is required. For all the cobalt ( II ) systems , the 
intensity of a vlbronic transltlon appears to be a function of 
the free ion term ) involved. Thus t anSl ions etween states 
4 derived from F are generally an order of magnitude less lnten e 
4 4 than transitions between F and P s a es. ThlS strongly 
suggests that the important ml ing 1S with odd parity states 
essentially locallsed on the metal ion . presumably derived from 
3d64p configurations. On the othe hand , only metal to ligand 
charge transfer sates appea .0 be capable of furnishlng strong 
polarisation behavlour Slnce only for these cases do restr1ctlons 
imposed by f11led and unfilled d orbitals manlfest themselves. 
There is the posslbili ty of some dlfficul 'ty ' ln' deflnlng the 
Vchromophore' fo a charge t ansfer type t anSl ion ln a 
continuous lattice such as K2CoF4 o 
In view of the summation in equation (2.22) over all the 
states Ii), it is rather doubtful whether quantitat1ve 
agreements with experimen~ demonstrated with t he i nclusion of 
220 
only one state (or one configuration) (Chakr avarty , 1970; Koide, 
1959; Englman , 1960; Liehr and Ballhausen, 1957) a re anything 
but fortuitous. A recent calculation by Jaeger and Englman 
(1973) on tetrahedral MX42 ~ ions ( non _centrosymmetric) 1ncluded 
admixtures of a large number of one _electr on charge transfer 
2 ~ . 
states (about 50 for CoC14 ) but gave results wh1ch were orders 
of magnitude too low. 
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CHAPTER 8 
CONCLUSIONS 
The quantitative expressions of crystal field theory 
developed and described by Finkelstein and Van Vleck (1940), 
Tanabe and Sugano ( 1954), Griffith ( 1961) and others, have been 
applied with great success to the description of the physical 
properties, including the optical absorption spec~ra, of systems 
containing transition metal ions. Its widespread application 
has, however , encompassed situa~ions to which the original 
theory, with its necessary simplifications and approximations, 
is not applicable. Recognition of the need to examine che 
spectra of paramagnetic ions in highly symmetrLcal ( cubic 
environments and the consequen~ wealth of inves igations into 
the various perovskite fluorides, cu ic oxides and sulphides, 
and paramagnetic ions doped into diamagne~ic hosts such as 
KMgF
3
, MgO, ZnS has led to a rapid elucidation of ~he streng hs 
and weaknesses of eu ic crystal field ~heory. 
In this espect the weak field representa~ion of the 
crystal field t heory has p roved ~o e a description capable of 
satisfactorily accounting for ~he energy levels of the free ion 
( zero crystal field) as well as the perturbed ene gy levels in 
t he crystal or complex. 
Thi s study of the electronic tructu e of ~he cobalt (II ) 
ion h as therefore begun wi h an experimen~al i nvestigation of 
the optical absorption and fluorescence properties of KCoF3 and 
KMg (Co)F3 and has shown ~hat a complete assignmen~ of ~he 
a so ption bands may be made in terms of the cu ic weak field 
d 3 ,7 . f matrlces 0 Ferguson (1970b) with the four parameters F , 2 
222 
F
4
, s, Dq and a Trees correction. A qualitatlve description of 
the role of exchange interactions pure KCoF3 has been made 
by comparing its spectrum with that of the dilute analogue 
KMg (Co)F3 and has been reported (Ferguson et al., 1972). 
Extension of crystal field theory from cubic to non - cu ic 
fields presents a new order of complexity, and for tetragonal 
systems development of empirical and semi-empirical MO models 
has taken place in parallel with a crystal field model. Crystal 
field theory has the advantage that lower symmetries are treated 
in exactly the same manner as cubic fields, although additional 
parameters are required. Matrices for the tetragonal potential 
for d 3 ,7 ions were constructed by Jesson 1968) in the weak 
field representation and ha e been used exclusively for 
calculation of energy levels . 
Previously , only a small num er of systems with tetragonal 
symmetry have been studied as crys~als at low temperatures, and 
of these, cobalt (II) systems are particularly poorly 
represented. In addition, all symmetries have approximated in 
some way to D4h and although he 'effective' symmetry may 
certainly be regarded as an experimentally determined property, 
there have been no studies of exact D4h systems and therefore 
no fundamental testing of crystal field theory for the 
tetragonal field has been made in the manner descri ed for 
cubic fields. 
A complete optical absorption si.udy of single crystals of 
K
2
COF
4
, K2Mg(Co)F4' Rb2CoF4 and Rb2Mg( o)F4 has been carried 
out. Incomplete data for K2Mg (Co)F4 has precluded a full 
assignment but for the other three materials it has proved 
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possible to make a complete and consistent assignment of the 
spin-allowed bands, in terms of crystal field theory for the 
tetragonal field, from the band energies and from the polarisations 
of the (allowed) magnetic dipole transitions, making no assumptions 
regarding the signs of Os or Ot. 
The sign of Ot (positive) is found to correspond to that 
expected (from the point charge model) for a tetragonal elongation 
of the CoF
6 
chromophore (although the crystallographic 
distortions are not known), with its magnitude increasing in 
the order K
2
CoF
4 
< Rb 2Mg(Co)F4 < Rb2CoF4 . Os has the same sign 
as Ot and increases in the same sequence, but is approximately 
ten times larger. This ratio, Os/Ot, is much greater than 
values reported in the literature (-1 - 5) but it is not yet known 
whether this is an inherent property of cobalt (II) or the exact 
04h symmetry, Complementary work on other paramagnetic ions is 
required, 
The cobalt (II) systems CoC1 2 ,6H20 and CoC1 2 ,2H20 have C2h 
site symmetries at the cobalt ion but the respective chromophores 
trans-[CoC1
2
,4H
2
0] and trans- ~OC14.2H20J are approximately 
tetragonal. Experimentally, a comple e characterlsation of the 
absorption bands (SlX polarised spectra for biaxial crystals) 
has shown that for CoC1 2 ,6H20 the a sorption is very nearly 
isotropic in the plane of the water ligands and a satisfactory 
assignment of the spin_allowed bands is obtained with the 
tetragonal model. The sign of Ot is shown to be positive, as 
expected with Cl- below H
2
0 in the spectrochemical series, but 
much smaller than predicted from the point charge model , In 
this system, the ratio Os/Ot _15 to -30 reveals the point charge 
model to be already inadequate for such systems since no 
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account may be taken of negative ratios. 
The system CoC1 2 .2H20 is not tetragonal and a complete 
assignment has not proved possible w1th the confidence achieved 
for the fluorides and CoC1 2 .6H20. Values have been assigned to 
Dq, Ds and Dt which reproduce most of the important featu res of 
the spectrum. Formally , CoC1 2 .2H20 has a tetragonal distortion 
of the opposite sense to CoC1 2 06H20 and opposite signs for both 
Ds and Dt are found , but with the ratio Ds / Dt 2 close to others 
quoted 1n the literature, which may demonstrate that compensation 
of Ds and Dt in some irrational way for lower symmetry components 
of the crystal field gives a low value . 
All of the centrosymmetric systems studied show strongly 
polarised vibronic bands, although in no case has this 
information proved useful i n making ass i gnments . Wi h unambiguous 
assignments available from ther spec roscopic evidence, a 
rati onal investigation of the details of ~he vibronic intensi~y 
stealing mechanism has een pursued i n terms of the basic 
vibronic coupling theory of He r zberg and Teller (1933) and its 
extension by Fenske ( 1967). With unusually high dichroic ra ios 
(5:1 to 40 : 1) appearing for certain transitions 1n all of the 
spectra studied, a qualitative approach has been taken and has 
shown that the model , as at present applied ~o transition me~al 
systems, is qualitatively inadequate . No evidence has been 
found which might restrict to eithe d --->p or charge transfer 
transitions, the odd parity states from which intensity is 
stolen, and an investigation into the polarisation behaviour 
4 a 4 c 4 b 
expected for the Eg ~ Eg' A2g transitlons in the 
tetragonal fluorides has shown that restriction to the lowest 
energy a ~ d type charge transfe states predicts incorrect 
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behaviour. It is concluded 1.hat. effor . 5 made owards 
quan titative understanding of ~he vibronic in ensit1es 1n 
octahedral transl. tlon me 0.1 complexes de.tl.ve apparent.ly from a 
heoretically inadequa~e aSls, whlch must. be re - examl.ned in the 
light of results fo r non =cublC complexes . 
APPENDIX 
Crystal Str uc ure Da ta 
AI.l KCOF3 , KMgF3 
References: 
Space Group : 
Knox ( 1961 ) 
Okasaki and Suemune (1961) 
Remy and Hansen (1956) 
o 1 = Pm3m 
h (cu ic) 
Unit cell dimens ions · KCOF3 ' 
KMgF3 : 
a ; 4 . 069 0 . 001 (298 K) 
(units 100 pm ) a = 3.973 298 K) 
Number of molecules per unl cell: z = 1 
Cobalt site symmetry: 0h 
Below i s Neel tempe atll e (114 K' KCOF3 unde goes a 
small tetragonal dlS ortion. At 78 K a = 4.057 0.002, 
c = 4.049 + 0.002 (Okasaki and Suemune . 1961 ). 
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References: Rudorff et ala ( 1959 ) 
Rudorff e~ ala ( 1963 ) 
Breed e ale ( 1969 ) 
Yamaguchi ( 1970) 
Space Group: D 17 _ I4/mmm 4h ("tetragonal) 
Uni t cell dimensi ons: K2CoF4 : a :: 4 0 073 
(units 100 pm ) c ::; 13 .083 
Rb2CoF4 : a ~ 4.150 
C ::; 13.717 
K2MgF4 : a ::. 3. 97 , 
c ::. 13.16 
Numbe of molecules p e un1t cell : ~::; 2 
Cobalt si t e s ymme r D4h 
Unit cell par ame ters f u ::; 0.149 F 
... 0.002, 
-jc 0 0 005 
.. O.OOl J 
+ 0.003 
u ::; 0 0 350 K 
F or K2MgF4 , e quator1al and a 1al C o~F distances a e 
198.5 and 196 pm respectively , a te .ragona1 compress1on of 
1.3%. 
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Al . 3 
References: Mizuno et ale (1959) 
Mizuno (1960) 
El Sa ffar (1962) 
Space Group: 3 C2h - C2/m ( monoc1 in1c) 
Uni t Cell Dimensi ons· a = 10.34 
(units 100 pm ) b = 7.06 
c = 6.67 
Number of molecules per uni cell 2 = 2 
Cobalt site symmet y: C2h 
Al . 4 
References: Mo osin and Graeber (1963) 
Morosin (1966 
Spac e Gr oup : C2/m (monocl~n~c ) 
Uni t Cell Di mensions: 298 K: a = 7.279 
(units 100 pm ) b = 8.553 
c = 3.569 
= 97.6
0 
5 K: a :: 7.207 
b ::; 8.498 
c = 3.564 
= 97.6 
Numb e r of mole cules per uni cell: z = 2 
Cobalt s i t e s ym.metry: C2h 
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0.001 
0.001 
+ 0.0005 
2 0 
-
0.001 
0.001 
0.0005 
... 2 0 
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Spectrochirn o Acta 21, 
THE ELECTRONIC SPECTRUM OF KCoF 3: EXCHANGE EFFECTS 
By J . FERGUSON,* T. E. WOOD ,* and H . J. GUGGE HEIMt 
[Manuscript received October 18, 1971] 
Abstract 
An analysis of the absorption spectrum of K CoF, based on the weak field 
spin-orbit matrices has led to an assignment of a ll t he doublet states of the d' 
configuration using the parameters Dq = 780 cm-
'
, E, = 1440 cm-I, E, = 104·5 
cm- I and the spin-orbit coupling constant S = 490 cm-I. E" E" and S correspond 
to 91 %, 94 %, and 91 % of their rospective free ion values. 
The spect"al absorption intensities of the spin forbidden transitions between 
25000 and 40000 cm-I are much too large to be accounted for by the conventional 
spin-orbit coupling mechanism and one involving exchange interactions between 
pairs of ions is indicated. Con istent with t his mechanism is the appearance of nine 
absorption regions which correspond to the s imultaneous electronic excitation of 
pairs of ions. 
INTRODUCTION 
It is now well e tablished that exchange (magnetic) interactions can modify 
appreciably the absorption pectra of salts of Mn2+ 1 and i2+.2 The principal effects 
are the intensification of some forbidden transitions and the appearance of new 
bands corresponding to the simultaneous electronic excitation of pairs of ions. So far, 
no detailed study of the pectrum of octahedrally coordinated Co2+, with the in-
clusion of the effects of exchange interaction , has been made. The present work 
reports an analy is of the energy levels of C02+ in KCoF3 and provides qualitative 
e timate of the effect of exchange interaction . 
EXPERIMENTAL 
Sections with parallel face wer cut from single crystals of K CoF, and Kl\Ig(Co)F" mounted 
above a s lot cut in an aluminium strip, and cooled by contact with the vapour from boiling liquid 
helium in a flow tube. By adjusting the flow rate, temperatures could be varied from room 
temperature to 6 K. Spectra wer'o r co rded on a Cary 17 absorption spectrophotometer. 
RESULTS AND DISCUSSION 
The spectrum of KCoF3 ob erved at 28 K is hown in Figure 1 along with an 
encrgy level diagram calculated using the weak field pin-orbit matriees .3 The 
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difference between the Franck- Condon maxima for the 4T 19(F) ~ 4T 2g(F) and 
4Tlg(F) ~ 4A2g transitions gives the value of lODq which is 7750 ± 200 em- I. E ach 
parent ion term energy was treated as a parameter to get the best agreement between 
theory and experiment in the manner outlined earlier.4 These can be reduced further 
to the theoretical expressions for the term energies,6 using one set of F 2' F 4' and ex 
as given in Table 1. F 2 and F4 are 91 % and 94 % of their respective free ion values,4 
fractions which are similar to those observed for nickel and manganese in perovskite 
fluorides. 
TABLE 1 
COMPARISON BETWEEN TERM ENERGIES (cm-I) FOR Co2+ DERIVED FROM THE 
CRYSTAL FIELD PECTRUM: OF K CoF. AND CALCULATED VALUES 
Term Observed Calculated" T erm Observed Calculated" 
'P 13050 13060 'G 15200 15200 
'P 18950 18530 'H 20450 20490 
2F 33200 32990 t(~D +~D) 35925 36220 
"F, = 1440; F, = 104 · 5j a = 70 cm- I. 
Using this scheme it ha proved possible to account satisfactorily for the 
positions of all the observed band in the KCoF 3 spectrum to within ± 400 cm-1 
with the exception of nine, who e positions are indicat ed by arrows in Figure 1. These 
occur at positions grossly inconsist ent with available spin-orbit states but may be 
accounted for by consideration of simultaneous excitation of pairs of C02+ ions to 
doublet states in the region 16000-26000 em-I. The energies of these simultaneou 
electronic excitations need not be exactly the sums of the single ion energies because 
of differences in exchange energies between ions in varion electronic states. The 
agreement i , however, good enough to confidently support these assignments. 
~:j ~----3-000rl-O 
Energy (em-I) 
Fig. 2.-The speotrum of KMgo .•••• Coo.oo"F. observed at 8 K. 
To investigate further the role of exchange interactions in the spin-forbidden 
tran itions the spectmm of KCoF3 was compared with that of KMgF3 containing 
a small concentration of C02+. The spectrum of a single crystal of KMgo. 99 29COO. 0071F 3 
observed at 8 K is shown in Figure 2. A statistical calculation 6 shows that the 
, F erguson, J ., AU8t. J. Chem., 1970, 23, 86!. 
• Slater, J . C., "Quantum Theory of Atomic Struoture." (McGraw-Hill: ew York 1960.) 
• Behringerj R. E ., J . chem. PhY8., 1958, 29,537 . 
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probability of finding an i olated COH ion (only magnesium a nearest neighbour ) 
is about 96% and examination of the spectrum demonstrates that, unlike KCoF 3, 
no spin-forbidden states were visible above 25000 cm-1 (molar extinction coefficients 
< 0 .01) . The usual mechanism by which spin-forbidden tate steal intensity from 
pin-allowed tates is through the mixing of different pin tates by spin- orbit 
coupling . Using this approach, a emi-empirical estimat e of t he doublet intensities 
expected for KCoF
3 
was made in the following way. The total observed oscillator 
trength of the 4T 19(F) ~ 4T tg(P) band was assumed to arise from equal contributions 
to the four spin-orbit components. The computed coefficient of the 4p wave functions 
in the various doublet state were then used to estimate the fraction of 4p character 
in each doublet stat e and hence the fraction of stolen inten ity . The results shown in 
TABLE 2 
COllD'ARISON BETWEE OBSERVED A.>.'<D CALCULATED 0 CILLATOR 
STRENGTH OF SPIN-FORBIDDEN BANDS IN K CoF3 
Position pin-orbit 10 ' X osci llatol' strength 
Ratio 
(cm- I) components calc. obs. obs./calc. 
19250 ('T 1<) {r.+ r. 000 r, 3900 
19700 ('T I.) r. 3900 
25950 r. 130 
10 
26500 { r. ~ . 9} 220 35 r. 
27900 r. 2 500 
250 
32000 { ra 1 } 1000 100 r.+r. 8 
38550 { r, 0'4} 2700 3000 r. 0·4 { r, l"4} 40300 r. 1 00 1000 r, 
Table 2 show that the calculated oscillator strength. are one to three orders of 
magnitude lower than the ob erved intensities. I t is therefore clear t hat an additional 
mechani m is operating in KCoF 3 which i absent in the ingle ion spectrum . This 
mechani m i most probably t he same as the one operating in KMnF 3 and it may be 
noted that in both case. t he oscillator strengths are ofthe order 10- 6 . The assignment 
of certain bands to simultaneous electronic excitations follows as a direct consequence 
of this mechanism. 
A detailed study was made of the t emperature dependence of the intensities of 
t he pin-allowed bands in KCoF 3 over t he range 28- 294 K . The behaviour of the 
4T tg(F) 4T 2g band, in which t he osci llator strength remained u bstantially constant 
at 0.5 X 10- 5, contrasted with that of the 4T tg(F) ~ 4T I g(r) band which increa ed in 
intensity from 1 · 9 X 10- 5 to 2·9 X 10- 5 over t his temperature range. Whilst the 
behaviour of the econd band is typical of transitions involving a vibronic mechanism , 
t he fir . t suggests that t he 4T 19(F) 4T 2g band is an a llowed magn tic dipole 
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transition. Consistent with this explanation is the observation by Dietz 7 in 
fluorescence of the magnetic dipole-allowed (no-phonon) transitions from the 4T 2g 
state to the T7 and T6 components of the 4T 19(F) state, with this splitting measured 
to be 949·3 cm - 1. Thi may be compared with a calculated splitting of 950 cm- l 
obtained with the spin-orbit coupling constant set at 91 % of its free ion value 
(491 cm- l ) . This suggest that a trial value of , may conveniently be chosen by 
reducing the free ion value by an amount similar to that for F 2 and F4• 
CONCLUSIO S 
A crystal field analysis of the low-temperature ab orption spectrum of KCoF 3 
has revealed two feature resulting from the effects of exchange interactions between 
cobalt ions. The weak field formalism has accounted for all the spin-forbidden bands, 
but there are, in addition, ab orption regions in the ultraviolet which can be associated 
with the simultaneous electronic excitation of pair of cobalt ions. The intensities of 
the pin-forbidden bands above 25000 cm- l are con iderably larger than would be 
expected from spin-orbit coupling, a phenomenon readily associated with exchange 
interaction . In the spectrum of KMg(Co)F 3' where over 96 % of the cobalt ions have 
magnesium ion as neare t neighbours, neither of these features is observed . KCoF3 
therefore provide a sy tem in which the effects of exchange interactions on the 
ab orption spectrum of a d 7 ion are readily apparent. 
A temperature dependence study on the intensities of two spin-allowed bands 
in KCoF
3 
has clearly demonstrated the difference in behaviour between magnetic 
dipole and vibronic mechanism in d-d transitions. 
7 Dietz, R . E., persona l communication , unpublish d data. 
